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Abstract 
 
Grazing is an important ecosystem process, influencing community structure and 
rates of ecosystem processes. Although grazing on seagrasses is generally 
considered to be minor in many temperate regions of the world, waterfowl are 
often considered significant grazers in temperate lagoons and estuaries. This study 
examined spatial and temporal variation in swan abundance, grazing pressure and 
the impact grazing has on seagrass. Little is known on how grazing rates vary on 
larger water bodies in the southern hemisphere at different times of year and 
whether temporal changes in grazing rates affect the ability of seagrasses to 
tolerate grazing. The plant response to grazing may not be consistent seasonally, 
in light of recent terrestrial studies suggesting changes in environmental factors 
over a year such as light, temperature and nutrient supply can influence the ability 
of plants to cope with grazing. Furthermore, studies have suggested changes in 
sexual reproduction can be considered a trait to cope with grazing. However, very 
few studies have investigated this relationship, particularly in seagrasses.  
 
With these three main knowledge gaps in mind, this study examined grazing 
interactions between the black swan (Cygnus atratus) and the seagrass Halophila 
ovalis in a temperate, estuarine seagrass ecosystem, the Lower Swan River 
estuary, Western Australia. Firstly, spatial and temporal variation in black swan 
abundance was documented across 45 sites in four seasons (spring, summer, 
autumn and winter) and at two times of day. Further investigations sought to 
determine whether there were changes in grazing pressure over a year. This was 
conducted at three high “swan use” sites in each season. Finally, the strategies 
seagrasses use to cope with grazing, and how these vary temporally were assessed 
using an observational approach across a natural grazing gradient and 
experimental manipulations (simulated grazing). 
 
There was significant variation in black swan density among seasons, with the 
highest number of swans present during autumn (185 swans), intermediate 
numbers in summer (104 swans) and winter (80 swans) and the lowest in spring 
(53 swans). Swans may move to ephemeral wetlands during times of low swan 
 vi
abundance on the estuary. An analysis of the temporal variation in swan 
abundance on the surrounding wetlands on the Swan Coastal Plain does not show 
a consistent pattern of seasonal variation on the wetlands. Movement of black 
swans to ephemeral wetlands is likely to be due to a variety of factors including 
water height, food availability and the breeding needs of the black swan.  
 
There were also significant spatial variations in swan abundance with three hot-
spots identified. However, swans were not found in each hotspot at all times of the 
year. Swan abundance peaked in autumn at all hotspots, as well as summer and 
winter at Alfred Cove and Como Foreshore, and spring and summer at Point 
Walter. Factors that may influence swan abundance were collected in each season 
and were examined in a multiple regression analysis to determine which factors 
were most important. The key characteristics of sites with high swan abundance 
included: high cover of natural vegetation on the river bank and sub tidal seagrass 
vegetation (Halophila ovalis and Ruppia megacarpa) and a shallow sloping 
seabed. Conversely, sites with jetties and dogs had lower swan numbers. The 
results of this study suggest water bird distributions are affected by a suite of 
habitat characteristics, not just one in particular.   
 
Swan grazing removed more seagrass biomass (g DW m-2 day-1) in summer (3 g 
DW m-2 day-1) and autumn (3 g DW m-2 day-1), with intermediate amounts in 
spring (1 g DW m-2 day-1) and the least in winter (0.4 g DW m-2 day-1). However, 
despite this seasonal difference in biomass removal and a three-fold variation in 
swan abundance among seasons, there was no significant temporal difference in 
grazing pressure among the four seasons, with 6 - 25% of daily seagrass 
production consumed. This is explained by peak swan grazing occurring when 
seagrass production was at its peak. That is, when swan abundance was at its peak 
and the most biomass was removed, the seagrass was most productive. These 
results suggest seagrasses in the Lower Swan River estuary can cope with current 
levels of grazing.   
 
Temporal variation in response to grazing across a natural gradient was observed. 
Long-term grazing reduced productivity in winter, reflected as reduced branching 
(23%) in naturally ungrazed meadows when grazing was simulated. In summer 
 vii
the opposite was observed with a similar or slightly higher productivity across a 
natural grazing gradient and increased branching (58%) following simulated 
grazing in naturally ungrazed meadows. Across the natural grazing gradient, 
flowering and seed production were positively associated with grazing. This 
pattern was generally mirrored in the manipulative experiment with a 40% 
increase in flowering intensity.  
 
Clearly, if changes in grazing are exerted on Halophila ovalis, then it can cope 
through traits of a tolerance strategy by increasing in growth and sexual 
reproduction. However, the expression of these growth traits was only observed 
during summer. The reproductive period for Halophila ovalis occurs between 
November and March, leaving a six month period during spring and winter where 
Halophila ovalis may be less resilient to grazing. Currently, this period coincides 
with low numbers of swans on the estuary, so Halophila ovalis can cope with 
current levels of grazing. If there were to be an increase in swan abundance during 
winter and spring, when other environmental conditions are limiting (temperature 
and light) and carbohydrate reserves are limited, grazing could reduce the capacity 
of seagrasses to respond, making them less resilient to grazing.  
 
Plant-grazer interactions are dynamic and complex. This study revealed new 
findings about the seasonal nature of this relationship: the expression of traits 
associated with a tolerance strategy is dependent on the time of year grazing 
occurs. This study also identified that changes in the plants sexual reproduction 
may be another strategy plants use to cope with grazing. This has rarely been 
looked at and should be considered a trait of the tolerance strategy. 
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1. General Introduction 
 
Grazing on seagrasses is considered to be minor in many temperate regions of the 
world (Powell et al. 1991).  However, grazing by waterfowl in temperate estuaries 
can be an exception to this generalisation. This study investigated the significance 
of grazing by black swans in a temperate, estuarine seagrass ecosystem and the 
strategies seagrasses employ to cope with grazing.  
 
1.1 Grazing   
 
Grazing is an important ecological process, linking primary producers and 
grazers. Grazing can alter the growth dynamics of plants, in some cases increasing 
(Strauss & Agrawal 1999, Agrawal 2000) or decreasing (Kuiper-Linley et al. 
2007, Alberti et al. 2011) growth, resulting in changes to plant productivity 
(Huntly 1991, Polis & Strong 1996). These changes in primary productivity can 
alter habitat and community structure. For example in areas with high productivity 
and grazing, plants more able to cope with grazing dominate, but when grazers are 
excluded, more competitive plant species may dominate (Chase et al. 2000). 
 
Three key factors have been identified that influence the rates and magnitude of 
grazing: the amount and condition of the food source; the density of grazers and 
the presence of predators (Bailey et al. 1996, Leferve & Bellwood 2011). The 
quality and quantity of forage can influence grazing rates as grazers usually select 
high quality food sources (Owens et al. 1991, Bailey et al. 1996, Leferve & 
Bellwood 2011). Grazer abundance directly influences consumption rates (more 
grazers resulting in more consumption), but can vary due to movement of grazers 
from one region to another. Many species migrate or disperse to breed or to find a 
more suitable habitat, resulting in spatial and temporal variation in grazer density 
(Bailey et al. 1996, Marell et al. 2002, Leferve & Bellwood 2011). Finally, the 
presence of predators may reduce grazer biomass. This top down effect of 
predation can be transferred through trophic levels, affecting the consumption and 
distribution of plant communities (Boner et al. 2006, Leferve & Bellwood 2011). 
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One of the food sources for grazers in the marine environment is seagrass. 
Seagrasses are common in coastal waters along every continent except Antarctica. 
Until recently, few grazers were thought to feed directly on seagrasses, but is  now 
known that seagrasses are an important link in the food chain, with large numbers 
of species feeding on them (Valentine & Duffy 2006).  
 
1.2 Grazing on seagrasses  
 
Seagrasses are flowering plants (angiosperms) which live in marine environments. 
Relative to other angiosperms, they are unique because they have the ability to 
live and complete a reproductive cycle submerged in saline environments (den 
Hartog & Kuo 2006). They have leaves suspended in the water column and a well 
developed rhizome and root system which anchor them in the substrate (den 
Hartog & Kuo 2006). Seagrasses play an important role in stabilizing sediment 
and providing habitat and food resources for a variety of animal species, including 
some of commercial value (Hemminga & Duarte 2000). Seagrasses are clonal 
plants that have the ability to reproduce sexually. Being clonal, seagrasses can 
translocate resources between connected individuals and store carbohydrates in 
their rhizomes (Liu et al. 2007). In addition, they have below-ground, and in some 
cases dormant meristems that produce new leaves after damage. These features 
may allow seagrasses, like other clonal plants to tolerate high levels of grazing 
(Kuiper-Linley et al. 2007, Eklof et al. 2009). 
 
A range of grazers feed on seagrasses including fishes, turtles, waterfowl, 
dugongs, manatees and sea urchins. It is believed that seagrasses experience 
relatively low levels of grazing because of their low nutritional value (Valentine 
& Heck 1998). An alternative hypothesis suggests that grazing rates are lower in 
seagrass because of the past and current overharvesting of the large vertebrate 
grazers (green turtles, dugongs, manatees & fishes) that would otherwise graze 
them (Valentine & Duffy 2006). Despite this, some meadows and species of 
seagrass are regularly exposed to grazing. The amount of seagrass production 
entering near shore food webs ranges from 3 - 100% of net production, depending 
on the climatic regions and the number and species of grazers present. With 
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respect to region, Valentine & Duffy (2006) hypothesised that grazing on 
seagrasses is greater in tropical areas compared to temperate regions, due to the 
higher abundances of large grazers, such as parrot fish, turtles, dugongs and 
manatees (Valentine & Duffy 2006). However, a recent meta-analysis argues that 
there is no difference in grazing on seagrass and macroalgae in marine systems 
across a latitudinal gradient (Moles et al. 2010).  
 
1.3 Waterfowl grazers  
 
Marine waterfowl include ducks, coots, geese and swans (Powell et al. 1991) and 
are often considered significant seagrass consumers in temperate coastal lagoons 
and estuaries (Powell et al. 1991). Yet, little work has been done on these grazers 
in temperate regions of the southern hemisphere. Waterfowl feed by removing the 
leaves of aquatic macrophytes (cropping) and also by digging into the sediment 
and removing below-ground material (Thayer et al. 1994, Eklof et al. 2009). In the 
northern hemisphere, there is a temporal component to waterfowl grazing, with 
most occurring during autumn and winter. These changes coincide with the 
southward migration of northern hemisphere waterfowl during winter, to seek a 
greater availability of food and a warmer climate (Warnock & Takeawa 1996, 
Petrie & Wilcox 2003). At these times they can consume up to 26% of daily 
seagrass production (Jacobs et al. 1981, Nienhuis & Groenendijk 1986). In the 
southern hemisphere the climate is generally milder and drier, so bird migrations 
are influenced more by river flooding patterns and filling of wetland habitats 
(Kingsford & Norman 2002, Dingle 2008). These movements may influence 
consumption rates of forage on larger water bodies, particularly during summer 
and autumn when smaller ephemeral wetlands dry out.  
 
Two key factors have been identified that influence swan movements including 
the amount of food available for feeding (Marchant & Higgins 1990, Davis 2009) 
and habitat for breeding success (Birkhead et al. 1983, Storey et al. 1993). 
Movements appear to be influenced by changes in climate particularly during 
winter and summer in both the northern and southern hemispheres (Petrie & 
Wilcox 2003, Chambers & Loyn 2006). During summer, northern hemisphere 
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swans are found swimming in swamps, marshes and shallow lakes, however, 
during the winter months swans follow food sources, as feeding through icy 
waters is impossible (Davis 2009). During these times, swans fly to slow moving 
rivers, flooded fields and coastal estuaries, creating the perfect winter habitat for 
swans (Davis 2009). There is a similar pattern in the southern hemisphere, 
however, in Australia  aquatic macrophytes become more developed over an 
extended time after flooding when wetlands begin to fill, particularly during 
winter and spring. These provide a habitat for the aquatic macrophytes to grow, an 
important food source for the black swan (Kingsford et al. 1999, Kingsford & 
Norman 2002). There a number of significant habitat characteristics which have 
the potential to influence the breeding success and clutch size of swans (Birkhead 
et al. 1983, Storey et al. 1993). These include a range of geomorphic and 
biological characteristics, which are usually not found on estuaries. 
 
Surveys on waterfowl abundance suggest seasonal variation in the abundance with 
peak abundances in summer and autumn (Chambers & Loyn 2006, Lane et al. 
2007), which may coincide with peak grazing. Despite this potential for temporal 
variation, studies of seagrass consumption by grazers in the southern hemisphere 
have only been conducted in autumn, so it is not known if there are temporal 
changes in waterfowl grazing (Mitchell & Wass 1995, 1996, Eklof et al. 2009).  
 
1.4 Plant strategies to cope with grazing   
 
Over time and in the presence of grazers, plants have evolved traits that allow 
them to cope with grazing. These traits have been characterised into three key 
strategies: escape, resistance and tolerance (Agrawal 2000). Escape strategies 
allow plants to exist in different locations and/or time periods when grazers are 
not present. Resistance includes a group of chemical, nutritional and/or physical 
traits of plants that prevent grazers eating them. Tolerance traits reduce the effects 
of grazing by allowing plants to survive, regrow and reproduce after damage is 
sustained (Agrawal 2000). Seagrasses generally cope with grazing through 
tolerance (Nakaoka & Aioi 1999, Kuiper-Linley et al. 2007, Eklof et al. 2009). 
Some of the traits of a tolerance strategy (Tiffin 2000) include:   
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• Changes in photosynthetic activity 
• Activation of dormant meristems 
• Utilisation of stored reserves; & 
• Phenological changes. 
 
1.4.1 Changes in photosynthetic activity 
 
Partial leaf defoliation due to grazing  may cause increased photosynthetic rates in 
the remaining plant tissue (Tiffin 2000). The removal of the leaf tissue by grazers 
decreases the leaf area available for photosynthesis. However, with a decreased 
leaf area it can also increase the light levels to previously shaded areas of the 
plant. This leads in turn to increased photosynthetic capacity in the remaining 
leaves (Trumble et al. 1993, Strauss & Agrawal 1999), allowing the plant to grow 
and tolerate grazing. 
 
1.4.2 Activation of dormant meristems 
 
Grazer damage can change the growth trajectories of plants through the activation 
of dormant meristems in order to replace the lost tissue (Liu et al. 2009, Bagchi & 
Ritchie 2011, Gruntman & Novoplansky 2011) with a correlation between grazing 
and an increase in growth and production of the remaining tissue (Nolet 2004, 
Kuiper-Linley et al. 2007, Eklof et al. 2009).  
 
1.4.3 Utilisation of stored reserves 
 
Some plants have the ability to utilise stored reserves after damage (Agrawal 
2000). Terrestrial, freshwater and marine plants have the ability to utilise these 
reserves after damage to promote regrowth (De Iongh et al. 2007, Bagchi & 
Ritchie 2011, Quentin et al. 2011).  
 
Vegetative traits 
Reproductive traits 
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1.4.4 Reproductive biology changes  
 
Delayed timing of flower and fruit production  
 
The timing of growth, flowering and fruit production can allow plants to escape 
consumers after damage (Simms et al. 2000). Partial defoliation and meristem 
damage cause delayed growth and flower production and fruit production (Tiffin 
2000). For example, in some cases plants live in seasonal environments where the 
end of the growing season limits reproduction. If grazing causes delays in seed 
maturation then genotypes that experience the shortest delay in seed maturation 
after damage may be the most tolerant. Alternatively, if herbivory causes equal 
delays for all genotypes, but genotypes differ in their development time, then 
faster developing genotypes may be the most tolerant. In both scenarios the length 
of the growing season will affect the tolerance level. During long growing seasons 
all genotypes may have time for seed maturation regardless of damage. In short 
growing seasons delays in seed production may result in damaged plants dying 
before seed production is complete (Pilson 2000, Tiffin 2000, Piippo et al. 2009).     
 
Change in sex ratio after grazing 
 
Not only can grazing affect sexual reproduction in plants but it may also affect the 
sex ratio of the grazed population. In some plant species females usually expend 
more resources into reproduction than males because additional energy is required 
to produce fruits and seeds (Delph 2011, Viejo et al. 2011), resulting in two 
potential and contrasting outcomes. First male-biased grazing occurs in some 
systems, resulting in more females relative to males (Cornelissen & Stiling 2005). 
The greater investment in reproduction by females, could potentially result in less 
investment in vegetative growth and therefore, they may have a lower nutritional 
quality than males, so the larger male plants become a more attractive food source 
for grazers (Cornelissen & Stiling 2005). The second hypothesis is that grazing 
results in male dominance (Quinn 1998). The greater investment in reproduction 
by females could result in less investment in vegetative growth than males, so 
overtime the proportion of male plants will increase and male plants may have the 
capacity to recover faster (Pickering & Hill 2002, Delph 2011, Viejo et al. 2011).  
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1.5 Other traits that might form part of a tolerance strategy  
 
Although Tiffin (2000) noted that grazing can induce phenological changes in 
plants he did not address the role of sexual reproduction (intensity of flowering 
and fruiting and seed production) in the context of tolerance strategies. 
Theoretically, plants could increase in sexual reproduction after grazing damage 
to maintain a similar fitness to ungrazed plants, allowing them to pass on more or 
similar numbers of offspring to the next generation. Terrestrial plants have been 
observed to increase in sexual reproduction after grazing (Lazo et al. 1994, 
Quiroga et al. 2010) by increasing flowering intensity and fruit production 
(Whitman et al. 1991, Forbs et al. 1997). Other studies, however, have suggested 
a negative response to grazing with a decrease in sexual reproduction (Hickman & 
Hartnett 2002, Varga et al. 2009, Lal et al. 2010). However, little is known of 
sexual reproductive responses to grazing in seagrasses, although a few studies 
have suggested a positive relationship between flowering and dugong grazing 
(Conacher et al. 1994, Peterken & Conacher 1997, Heck & Valentine 2006) and 
some studies have shown an increase in flowering after physical disturbance 
(Phillips et al. 1983, Alexandre et al. 2005, Hammerstrom et al. 2006). From an 
evolutionary perspective seed production is a measure of a plant’s fitness. 
Reproduction in a species will determine how successful the plant is to pass on its 
genes to future generations (Boalt et al. 2010). Few studies have focused on seed 
production as a measure of fitness following grazing, particularly in seagrasses. 
 
1.6 Factors influencing the expression of traits  
 
The plant’s abiotic environment affects its ability to tolerate grazing. Some studies 
suggest that plants which are exposed to high levels of resources (light, 
temperature, water and nutrient availability), have the highest level of tolerance to 
grazing (Maschinski & Whitham 1989, Hawkes & Sullivan 2001, Bagchi & 
Ritchie 2011). In some studies nutrient availability has been found to be 
negatively associated with tolerance, especially when nutrient levels are high 
(Mutikainen & Walls 1995, Irwin & Aarssen 1996). One explanation for this may 
be that high nutrient availability reduces the below ground biomass of aquatic 
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plants as they invest less in underground roots and rhizomes (Twilley et al. 1985) 
and hence the plants ability to tolerate grazing as they use below-ground stores to 
recover from grazing. The availability of light, water and suitable temperatures 
have been assumed to be positively associated with tolerance, as in optimum 
conditions, plants do not require high levels of resources for regrowth after 
grazing (Maschinski & Whitham 1989, Hawkes & Sullivan 2001, Bagchi & 
Ritchie 2011).  
 
As discussed above, a number of abiotic factors (temperature, light levels, nutrient 
inputs) could mediate expression of tolerance traits. These factors are likely to 
vary temporally. Studies in the southern hemisphere suggest grazing should be 
greater in summer and autumn, so a shift in waterfowl abundance may not have an 
effect on the ability of plants to tolerate grazing, as this is also the time of peak 
production in aquatic plants, like seagrass (Hillman et al. 1995, Kirkman & 
Kirkman 2000). However, if there were to be increases in waterfowl abundance 
during winter and spring the seagrasses may not be as resilient to grazing.  
As environmental conditions change over a year, the seagrass dynamics change. 
During spring and into summer, light conditions and water temperatures gradually 
increase, leading to increases in growth, production (Moncreiff et al. 1992, Perez 
& Romero 1992, Hillman et al. 1995) and increased carbohydrate stores 
(Alcoverro et al. 2001). During winter, low light conditions and water 
temperatures slow growth and production (Moncreiff et al. 1992, Perez & Romero 
1992, Hillman et al. 1995) and there are often lower carbohydrate stores 
(Alcoverro et al. 2001). Therefore, when environmental conditions are limiting, 
growth and carbohydrates are lower and the plant may not be able to respond to 
grazing if the response depends on storage reserves. This is a key knowledge gap 
which this study sets out to examine.    
 
1.7 Study species  
 
This study focused on the seagrass Halophila ovalis (R. Brown) and the grazer 
Cygnus atratus, the black swan. H. ovalis is the dominant benthic plant of the 
Swan/ Canning Estuary, south-west, Western Australia (Hillman et al. 1995). H. 
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ovalis belongs to the family Hydrocharitaceae and can be found submerged in 
marine and estuarine systems throughout both tropical and temperate regions of 
the Indo-West Pacific (McMillan 1983). H. ovalis is a rhizomatous, dioecious 
seagrass species that is adapted to cope with high levels of disturbance through 
rapid growth rates, the presence of dormant meristems and its ability to quickly 
colonise areas (Hillman et al. 1995, Nakaoka & Aioi 1999, Eklof et al. 2009). In 
the Lower Swan River estuary H. ovalis is one of the preferred forage species for 
the black swan and is the dominant species in the regularly grazed habitats (Eklof 
et al. 2009).  
 
Black swans are herbivorous waterfowl found in temperate terrestrial wetlands 
and in sheltered estuarine and marine habitats. They are found throughout 
Australia with the exception of Cape York Peninsula and are more common in the 
south (Marchant & Higgins 1990). In Western Australia the black swan has been 
observed to feed on seagrass in the Lower Swan River estuary (Brearley 2005). 
The abundance of black swans has changed since European settlement. In 1827 
Charles Fraser noted large numbers of black swans, up to 500 in the Lower Swan 
River estuary (Brearley 2005). However, recent studies have only observed up to 
78 black swans feeding in the estuary during summer with 69% of them feeding in 
the seagrass meadows (Eklof et al. 2009). 
 
Black swans are usually found on large permanent water bodies and require 
abundant aquatic vegetation. It is possible that permanent water bodies, such as 
the Lower Swan River estuary, act as a refuge for swans during summer and 
autumn, when many surrounding wetlands dry. Given the seasonal nature of the 
rainfall and water levels in wetlands of the Swan Coastal Plain (SCP) and the 
known movements of black swans in relation to wetland characteristics, such as 
water levels and water quality (Marchant & Higgins 1990), it is possible that 
black swans move between aquatic habitats on the SCP on a seasonal basis. This 
may affects abundances at any given site and the interaction between swans and 
their forage species. Increases in swan abundance at smaller wetlands with 
variable water levels may be evident in winter and spring, coinciding with 
increasing water levels, increases in the availability of food or the specific 
breeding habitat characteristics of the wetlands. Alternatively swan abundance on 
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permanent water bodies may be less in winter and spring when birds move to 
ephemeral lakes and wetlands.  
 
There has been little work published on the ecology of the black swan in Western 
Australia and Australia. However, work has been conducted in New Zealand 
focusing specifically on grazing ecology and food choice of the swan (Mitchell & 
Wass 1995, 1996). These studies have found swan population density is closely 
correlated with plant biomass, with each swan consuming 104g DW per day. 
Studies on the Lower Swan River estuary indicated that the swans can consume 
up to 23% of seagrass production (Eklof et al. 2009). However, this study was 
only conducted during autumn, so little is known on how much seagrass the black 
swan consumes at other times of year, particularly during winter when there is 
minimal seagrass growth and production (Hillman et al. 1995).  
 
Conservation of the black swan is considered important within Australia, though 
elsewhere, particularly in England and New Zealand the swan is considered an 
introduced species and its conservation status is not yet assessed (Kear 2005, 
Robertson & Barrie 2005). Its importance within Australia is reflected in its 
listing as secure under the Environmental Protection and Biodiversity 
Conservation Act of 1999, secure across state and territory biodiversity acts 
within Australia and is evaluated as least concern on the ICUN Red List of 
threatened species. Increasing urban and industrial development on the coast and 
increases in the number of people visiting the coast has led to the decline in 
coastal bird numbers worldwide (Green 1996). Habitat characteristics (shoreline 
configuration and prey density) and landscape characteristics (surrounding 
residential and industrial development, vegetated land and the extent of wetland 
edge) have been shown to influence the distribution of waterfowl (Burton et al. 
2002, Bechet et al. 2004) as do human activities.  For example, declines in 
waterbird species at Pelican Point and other areas of the Lower Swan River 
estuary have been attributed to a greater recreation use of the estuary with 
increases in boating, the presence of wind and kite-surfers and walkers with dogs 
(Creed & Bailey 2009). Therefore, as part of this study it was important to assess 
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whether other factors may influence the abundances of black swans, to determine 
the effect of human use areas and disturbances on waterbirds, with emphasis on 
the black swan.   
 
1.8 Focus of study and study questions  
 
Although grazing in temperate seagrass systems is often considered minor from a 
global perspective (Valentine & Heck 1998), grazing by waterfowl observed in 
estuarine environments is a notable exception (Powell et al. 1991). This study will 
focus on grazing interactions between Cygnus atratus (black swan) and Halophila 
ovalis. The broad objective of this study was to improve our understanding of 
plant-grazer interactions in temperate seagrass ecosystems and provide 
information to resource managers on changes in black swan abundance and their 
habitat requirements (Figure 1.1). 
 
 
Figure 1.1 Conceptual model of how the topics in this masters project interrelate.   
 
In the Lower Swan River estuary H. ovalis, is a keystone species (Hillman et al. 
1995). The management agency for the Swan River estuary, the Swan River Trust, 
is attempting to improve the health of the estuary and increase swan numbers 
(Brearley 2005). If ephemeral and permanent wetlands on the SCP dry, swan 
abundance may increase on the Lower Swan River estuary during winter and 
spring. These are times swan abundance is expected to be low on the estuary. 
Understanding the habitat preferences and temporal variation in swan abundance 
will assist managers to highlight the best areas to target for swan conservation and 
whether there are particular habitat and disturbance factors that influence swan 
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abundance. This study has improved our understanding of what, if any, impact 
increases of swans will have on the ecology of estuaries.  
 
There has been one previous study examining black swan grazing on H. ovalis in 
the Lower Swan River estuary. That study (Eklof et al. 2009) focused on grazing 
during autumn at sites with high swan densities. This is the only study to assess 
whether H. ovalis has traits to support a tolerance strategy and found that H. 
ovalis was able to recover rapidly after being grazed, with a 70% higher branching 
frequency 21 days after grazing. They suggested that the plants utilised 
carbohydrates in below-ground tissues to produce new branches after grazing 
(Eklof et al. 2009). Eklof et al (2009) was restricted to a single season and thus 
did not examine temporal variation in grazing and plant responses. Furthermore, it 
did not examine reproductive strategies, leaving gaps in our knowledge on the 
effects of grazing over different seasons of the year.  
 
This study addressed key information gaps on the effects of grazing on H. ovalis, 
specifically temporal variation in growth responses and also sexual reproductive 
responses (flowering, fruiting and seed production). From previous studies on H. 
ovalis in Lower Swan River estuary, flowering commences in late November, 
early December and fruiting begins in early January peaking in March (Hillman et 
al. 1995). Little is known about the impact of grazing on sexual reproduction in 
seagrasses, although recent studies have suggested a negative relationship (Lal et 
al. 2010) and others have suggested a positive relationship (Conacher et al. 1994, 
Peterken & Conacher 1997). This study provided the opportunity to investigate 
whether changes in the amount of flowering could be considered a mechanism of 
tolerance and whether plants exposed to grazing increase their fitness, through 
increasing seed production. No experimental studies to my knowledge have 
demonstrated this relationship, and this afforded an opportunity for important and 
original research.  
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1.8.1 Aims  
 
The overall objective of this research was to enhance our knowledge of how 
seagrasses respond to grazing, especially focusing on the mechanisms of 
tolerance, such as the activation of dormant meristems which facilitate growth 
following grazing. In addition the impacts of grazing on sexual reproduction by 
seagrasses were also investigated to determine whether seagrasses increase their 
flowering after grazing, potentially another mechanism of tolerance. This study 
also determined whether seagrasses exposed to grazing have the same fitness as 
those not exposed by their ability to pass on their genes to future generations 
through the production of seeds. In order to meet these objectives, the study had 
the following specific aims:  
 
1. Determine the number of wetlands used by black swans and if there are 
seasonal variations in swan abundance on a subset of lakes and wetlands on 
the Swan Coastal Plain and the reasons for these variations;  
 
2. Determine if there are spatial and temporal variations in swan abundance and 
grazing on the Lower Swan River estuary and whether there is an association 
between specific site and habitat characteristics and  swan abundance; and   
 
3. Determine the vegetative and sexual reproductive response of Halophila 
ovalis to black swan grazing and how this varies at different times of year.  
 
The thesis is divided into five main chapters:  
Chapter 1. General Introduction;  
Chapter 2. Seasonal variation in black swan abundance on a subset of lakes and 
wetlands on the Swan Coastal Plain;  
Chapter 3. Spatial and temporal variation in swan abundance and grazing on the 
Lower Swan River estuary;  
Chapter 4. Vegetative and sexual reproductive response of Halophila ovalis to 
black swan grazing; and  
Chapter 5. Conclusions and management implications. 
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2. Seasonal variation in black swan abundance on a subset of 
lakes and wetlands on the Swan Coastal Plain 
 
2.1  Introduction 
 
Waterbirds are a large group of birds defined by their ecological dependence on 
aquatic habitats for at least some part of their lifecycle (Jaensch 2009). They are 
commonly found on lakes, rivers, dams, wetlands and estuaries and include many 
shore and seabirds such as ducks, geese, swans, grebes, pelicans, darters, 
cormorants, herons, ibises, spoonbills, storks, cranes, rails, moorhens, coots and 
waders. Many waterbirds migrate between different aquatic habitats to feed and/or 
breed, often on a seasonal basis (Kingsford & Norman 2002). These seasonal 
movements of waterbirds are usually caused by fluctuating water levels in 
wetlands and the breeding needs of the individual bird species (Musil & Fuchs 
1994, Bancroft et al. 2002, Bolduc & Afton 2008).  
 
In Australia the climate, including rainfall, is highly variable both temporally and 
spatially, influencing river flooding patterns and the filling of wetland habitats. 
This temporal and spatial variability has a strong influence on the ecology of 
Australian waterbirds. Many waterbirds respond to changes in water levels by 
moving to habitats when water levels are at a suitable height for feeding and 
breeding, and disperse from these areas once the wetlands dry (Roshier et al. 
2009). Large migration movements are not common in most Australian species; 
however some waders migrate between the northern hemisphere breeding grounds 
and non-breeding habitats in Australia. In general, Australian waterbirds usually 
breed during winter and spring, coinciding with increases in food availability and 
water levels (Kingsford & Norman 2002).  
 
One of the unique and important waterbirds within Australia, in coastal and southern 
regions, is the black swan (Cygnus atratus). The black swan is usually found in 
temperate terrestrial wetlands or in sheltered estuarine and marine habitats, as they 
can tolerate salinities ranging from freshwater to hypersaline. Most swans are found 
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in large, permanent water bodies, with aquatic vegetation. As black swans require a 
large area (40m) for take-off before flight, they are usually not found in areas with 
large amounts of emergent vegetation (Marchant & Higgins 1990). They are almost 
entirely herbivorous, taking the leaves and shoots from aquatic plants and will 
occasionally graze on land, however, they are clumsy walkers making this difficult 
(Mitchell & Wass 1995, 1996). The aquatic food is usually taken while swimming, 
either from the surface or from submerged vegetation. When feeding on submerged 
vegetation, the swan can feed up to a depth of 1m by plunging its long neck into 
water. Occasionally it has been seen to stand in shallow water while feeding from the 
bottom or surface (Marchant & Higgins 1990).  
 
Black swans breed in shallow wetlands where the eggs are placed in a nest made 
of reeds and grasses. The nest is placed either on small islands or floated in deeper 
water (Marchant & Higgins 1990). There are twenty-two significant habitat 
characteristics which have the potential to influence the breeding success and 
clutch size of black swans (Storey et al. 1993). These include geomorphologic 
characteristics of the wetland, vegetation type and vegetation cover as well as 
other factors that are likely to vary seasonally (Marchant & Higgins 1990), 
including area of water, depth, water quality and macrophyte cover.  
 
Changes in food availability can impact on both the size of swan populations and 
their breeding success. However, black swans can move among wetlands to fulfil 
their requirements for food and breeding habitat (Roshier et al. 2009). Studies on 
the Port of Victoria, a permanent water body, showed a strong seasonal cycle in 
abundance, most occurring during autumn and winter, with local climate variables 
such as rainfall, having the greatest influence on abundance (Chambers & Loyn 
2006), where lower rainfall resulted in less swans on the permanent water body. 
The black swan can also move from larger, permanent water bodies to smaller 
wetlands during winter and spring for breeding (Marchant & Higgins 1990).  
 
The Swan Coastal Plain (SCP) has a Mediterranean climate, with mild wet 
winters and hot dry summers. In summer the average daily maximum temperature 
is 29C and the minimum 17C, with 40C days common in January. In winter 
the temperature has an average high of 18C during the day and 9C at night. The 
 17
average yearly rainfall is 880mm (Bureau of Meteorology 2011b), the majority 
occurring between June and September and, generally, wetland water levels peak 
during winter and spring.  
 
Given the highly seasonal nature of the rainfall and water levels in wetlands on 
the SCP, and the known movements of black swans in relation to wetland 
characteristics such as water levels and water quality, it is possible that the black 
swan may move between aquatic habitats on the SCP on a seasonal basis. This 
may therefore affect the abundance at any given site and the interaction between 
swans and their forage species, such as macrophytes.  Increases in swan 
abundance at smaller wetlands with variable water levels may be evident in winter 
and spring, coinciding with increasing water levels, increases in the availability of 
food or the specific breeding habitat characteristics of the wetlands. Alternatively, 
swan abundance on permanent water bodies may be less in winter and spring 
when birds move to ephemeral lakes and wetlands. Using historical data for a sub-
set of SCP wetlands, three aims were addressed:  
 
1. Determine the number of wetlands used by black swans and whether there 
is seasonal variation in swan abundance on a sub-set of ephemeral and 
permanent wetlands and lakes on the Swan Coastal Plain; 
2. Identify if seasonal variation in swan abundance is related to the 
hydroperiod and/or water levels in the wetlands and lakes; and 
3. Investigate if seasonal variation in swan abundance at any given wetland is 
related to breeding needs of swans. 
 
2.2  Methods  
 
2.2.1 Data selection & study area  
 
Publicly available databases were used to assess the distribution of swans on the 
SCP between Guilderton & Gingin (~94km North of Perth) and Bunbury & Collie 
(~180km South of Perth) (Figure 2.1). Data were retrieved from the Birds 
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Australia National database (www.birdsaustralia.com.au) for all sites (280) 
containing the black swan (Cygnus atratus) over a ten years period (1999-2009). 
These sites consisted predominantly of lakes, wetlands and estuaries. An 
additional dataset was provided for Lake McLarty by Michael Craig (Murdoch 
University) from 1999-2009.  This study only examined total swan abundance on 
the wetland, making the two data sets comparable. Additional data on the 
wetlands that may explain patterns in swan abundance were retrieved from the 
Department of Water (www.water.wa.gov.au) including water depth and length of 
hydroperiod and from Storey et al (1993); habitat characteristics significant for 
breeding swans. 
 
 
Figure 2.1 Locations of wetland sites used in the analysis of seasonal use of the Swan Coastal 
Plain by black swans and the location of the Lower Swan River estuary in relation to these sites.  
Blue shaded area = study area.   
 
Presence and absence of swans on the Swan Coastal Plain  
 
To determine the number of wetlands used by black swans on the SCP, data 
retrieved from the Birds Australia National Database was reduced by applying the 
following criterion to the full dataset: where more than one swan was observed on 
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a wetland within the ten year period is was assumed that the wetland was suitable 
swan habitat. Data were then grouped into the number of times swans were 
observed on the wetland. To classify all wetlands on the SCP as either ephemeral 
or permanent and to define the total area of each wetland data were retrieved from 
the Department of Environment and Conservation (www.dec.wa.gov.au) database 
on wetlands of the SCP (Semeniuk & Semeniuk 1994). Wetlands classified as 
lakes or estuaries were assumed to be permanent wetlands and any other 
classifications ephemeral wetlands. In some cases, wetlands had previously been 
classed as permanent by other researchers when, in fact, they did dry out in some 
years, resulting in the apparent paradox of permanent wetlands that had dry period 
and, therefore, hydroperiods.  
 
Seasonal variation in swan abundance and factors affecting variation  
 
The data retrieved from the Birds Australia National Database was reduced by 
starting with the complete data set then applying the following criteria: any sites 
with less than four surveys over the entire time period were eliminated, as there 
was not enough data to ensure comparability and quality. Additionally, sites that 
did not have at least two seasons replicated and 4 surveys per season over the 
study period were also removed as there was insufficient data available for 
seasonal comparisons. This resulted in data for six wetlands being used from the 
Birds Australia National Database (Forestdale Lake, Thomsons Lake, Lake 
Gwleup, Kogolup Lake, Lake Pollard and Lake Preston) plus data for Lake 
McLarty (Figure 2.1). Three of these wetlands are seasonal, drying every year: 
Forestdale Lake, (247.5 ha), Thomsons Lake (253.7 ha) and Lake Preston (3150 
ha).  Lake Gwelup (18.5 ha), Lake McLarty (184.37 ha), Lake Pollard (120 ha) 
and Kogolup Lake (58 ha) are mostly permanent wetlands, but they can dry on 
some years. Limited site data was available including swan abundance, 
hydrological and breeding characteristic data, so the data for some variables were 
not available at each site or for every season (Table 2.1).  
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Table 2.1 List of available variables measured at each site. * Note seasonal range: spring = Sep-
Nov, summer = Dec-Feb, autumn = March-May & winter = July-Aug.  indicates available data 
for wetland &  indicates not available. 
Location Seasons compared Replicates 
for each 
season 
Water depth 
& 
hydroperiod 
Significant 
breeding 
characteristics 
Forestdale Lake Spring & summer 
 
7 
 
 
 
 
Thomsons Lake Spring & summer 
 
4 
 
 
 
 
Lake Gwelup All seasons  
 
11 
 
 
 
 
Kogolup Lake Spring, summer & 
winter 
 
4 
 
 
 
 
 
Lake Preston Spring & summer  
6 
 
 
 
 
Lake Pollard 
Spring & summer 
 
4 
 
 
 
 
Lake McLarty All seasons  
7 
 
 
 
 
 
2.2.2 Data analysis  
 
Seasonal variation 
 
To test for seasonal variation in swan abundance at each wetland, one-way 
ANOVA’s were performed separately for each wetland, where the observations 
from all years were grouped into seasons (fixed factor). Total swan abundance 
data was log transformed to meet the assumptions of homogeneity of variance and 
normality as per, Quinn & Keough (2002). Statistical analyses were performed 
using GMAV (Underwood & Chapman. 1997). Due to missing data, not all four 
seasons could be included in the analyses at some locations.  As the number of 
observations varied among seasons, the maximum number of replicates that could 
be used to ensure a balanced design was selected, with the minimum set at four.  
 21
Where there were more observations per season than the minimum number 
required for analysis, observations were randomly selected, ensuring that they 
covered all the years for which there were observations. If there was more than 
one observation in a month, only one was randomly selected.   
 
Relationship with other variables  
 
Hydroperiod & water levels      
 
Three of the sites (Forestdale Lake, Lake Gwelup and Lake McLarty) were 
assessed to determine if there was a significant relationship between swan 
abundance and hydroperiod and between swan abundance and water height. 
Thomsons Lake, Kogolup Lake, Lake Preston and Lake Pollard were excluded as 
there was no water level data for these wetlands. The length of time or portion of 
the year the wetland holds ponded water (the length of time the water level in the 
wetland is > 0m) is referred to as the hydroperiod. Although wetlands were 
classed as permanent by others, this does not mean the wetland does not dry up 
during some years. A simple linear regression compared swan abundance versus 
hydroperiod and water levels as one or both of the characteristics may affect swan 
abundance. The linear regression was performed using SPSS (SPSS 2008). The R2 
value indicates the strength of the relationship. 
 
Significant breeding characteristics  
 
Four of the sites (Forestdale Lake, Lake Gwelup, Thomsons Lake and Kogolup 
Lake) were assessed to examine the relationship between swan abundance and the 
number of significant breeding characteristics based on, Storey et al. (1993), 
present at the lake. If more swans were present at the wetland during the breeding 
season than at other times of the year and if these wetlands had more than 10 
relevant breeding habitat characteristics, it was assumed there was an association 
between swan abundance and the significant breeding habitat characteristics. 
Aquatic macrophytes are frequently identified as an important factor influencing 
waterbird usage of wetlands. Due to lack of data on aquatic macrophytes in these 
wetlands, this factor could not be assessed in this study.      
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2.3  Results 
  
2.3.1 Presence and absence of swans on wetlands on the Swan Coastal Plain  
 
Swans were observed at 61of 210 wetlands on the SCP, comprising of 39 
ephemeral wetlands and 22 permanent wetlands (Table 2.2). However, at 51 of 
these wetlands, swans were observed less than ten times over ten years.  
Ephemeral wetlands accounted for 4804.1 ha while permanent wetlands 
accounted for 16975.77 ha (Table 2.2).  
 
Table 2.2 Number of times swans are present on different wetlands in the past ten years on the 
SCP. This includes whether they are ephemeral or permanent wetlands and the area these wetlands 
cover.  
Times Swans 
are present 
on different 
wetlands on 
the SCP 
Number of 
wetlands (#)  
Number of 
ephemeral 
wetlands (#) 
Area of 
Ephemeral 
Wetlands 
(ha)   
Number of 
Permanent 
Wetlands 
(#) 
Area of 
Permanent 
Wetlands 
(ha) 
1 Time  18 15 324.2 3 13240.1 
2 Times 13 7 101.9 6 2903.8 
3 Times  7 3 19.1 4 148.3 
4 Times  2 1 5 1 25 
5 Times  5 5 664.9 0 - 
6-10 Times  6 5 37.8 1 5 
11-20 Times 3 0 - 3 272.7 
21-30 Times  4 3 3651.2 1 58 
31 + Times  3 0 - 3 322.87 
Total  61 39 4804.1 22 16975.77 
 
2.3.2 Seasonal variation (1999-2009) 
 
There was significant seasonal differences in swan abundance at six of the seven 
wetlands on the SCP between 1999-2009 (Figure 2.2, Table 2.3, p<0.05). The 
differences among seasons were not consistent among wetlands. Three wetlands 
had higher abundances during spring than summer (Forestdale Lake (154 ± 23 vs. 
56 ± 11); Lake Preston (22 ± 11 vs. 3 ± 1) and Thomsons Lake (210 ± 29 vs. 72 ± 
40, Table 2.3). Lake Pollard had a significantly higher abundance of swans during 
spring (219 ± 98) and summer (1090 ± 487) than in autumn (17 ± 8, Table 2.3). 
Lake Gwelup had significantly higher swan abundances during summer (11 ± 1) 
and winter (14 ± 13) than in autumn (8 ± 3) and spring (6 ± 1, Table 2.3). Swan 
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abundance was significantly higher at Lake McLarty during summer (601 ± 112), 
however, there was no significant difference between the other three seasons, 
spring (188 ± 67), autumn (384 ± 136) and winter (40 ± 14, Table 2.3). There was 
no significant seasonal difference in swan abundance at Kogolup Lake during 
spring (6 ± 3), summer (3 ± 1) and winter (8 ± 3, Table 2.3, Figure 2.2). All data 
has been converted to km2 for comparisons with swan abundance on the Lower 
Swan River estuary in the following chapters (Figure 2.3) 
 
 
Figure 2.2 Average monthly swan abundance at: (a) Thomsons Lake (spring and summer), (b) 
Lake Gwelup (all seasons), (c) Forestdale Lake (spring and summer), (d) Lake McLarty (all 
seasons), (e) Lake Preston (spring and summer), (f) Lake Pollard (spring, summer and autumn) 
and (g) Kogolup Lake (spring, summer and winter). Letters above the columns indicate which 
seasons are different based on post-hoc comparisons. |--| indicates the four different seasons 
(spring, summer, autumn and winter). All data are means ± SE.  
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Figure 2.3 Average monthly swan abundance (km2) at: (a) Thomsons Lake (spring and summer), 
(b) Lake Gwelup (all seasons), (c) Forestdale Lake (spring and summer), (d) Lake McLarty (all 
seasons), (e) Lake Preston (spring and summer), (f) Lake Pollard (spring, summer and autumn) 
and (g) Kogolup Lake (spring, summer and winter). Letters above the columns indicate which 
seasons are different based on post-hoc comparisons. |--| indicates the four different seasons 
(spring, summer, autumn and winter). All data are means ± SE. 
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Table 2.3 Summary of one-way ANOVA comparing swan abundance with season at Forestdale 
Lake (spring and summer), Lake Gwelup (all seasons), Thomsons Lake (spring and summer), 
Lake Kogolup (spring, summer and winter), Lake Pollard, (spring, summer and autumn), Lake 
Preston (spring and summer) and Lake McLarty (all seasons).  
 
Location  
 Sum of 
squares 
Df Mean 
Square 
F P 
Forestdale Lake Season 11.79 1 11.79 6.35 0.02 
 Residual 51.96 28 1.86   
 Total 63.74 29    
Lake Gwelup Season 25.67 3 8.56 28.31 <0.01 
 Residual 13.30 44 0.30   
 Total 38.96 47    
Thomsons Lake Season 99201 1 99201 14.52 <0.01 
 Residual 54658 8 6832   
 Total 153860 9    
Lake Kogolup Season 105 2 52.87 1.61 0.24 
 Residual 393 12 32.77   
 Total 498 14    
Lake Pollard Season 62.27 2 31.14 8.45 <0.01 
 Residual 66.37 18 3.68   
 Total 128 20    
Lake Preston Season 25.63 1 25.63 178 <0.01 
 Residual 1.15 8 0.14   
 Total 26.77 9    
Lake McLarty Season 1654 3 551 7.43 <0.01 
 Residual 2076 28 74.18   
 Total 3730 31    
 
2.3.3 Swan abundance vs. water level 
 
There was a significant positive relationship between swan abundance and water 
level at two lakes, Forestdale Lake and Lake McLarty (Table 2.4, Figure 2.4). 
Water height explained 38% of the variation in swan abundance at Forrestdale 
Lake and 11% at Lake McLarty. There was no significant relationship between 
swan abundance and water height at Lake Gwelup, a permanent wetland (Figure 
2.3).  
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Figure 2.4 Swan abundance vs. hydroperiod (left) and water level (right) at (a) Forestdale Lake, 
(b) Lake Gwelup and (c) Lake McLarty. 
 
Table 2.4 Simple linear regression comparing swan abundance and water level at three study lakes 
(Forestdale Lake, Lake Gwelup and Lake McLarty). *Note regression equations at bottom of table. 
Location Df Beta SE R2 P 
Forestdale Lake  20 0.62 0.00 0.39 <0.01 
Lake Gwelup 19 -0.35 3.77 0.12 1.33 
Lake McLarty 77 0.34 113 0.12 <0.01 
Regression equations  
Forestdale Lake - Swan abundance predicted = 5.47 - 0.01 (hydroperiod). 
Lake Gwelup - Swan abundance predicted = 9.99 - 0.16 (hydroperiod). 
Lake McLarty - Swan abundance predicted = 5.91 - 0.01 (hydroperiod). 
 
2.3.4 Swan abundance vs. hydroperiod 
 
There was a significant positive relationship between swan abundance and the 
hydroperiod at one lake only, Lake McLarty (Table 2.5, Figure 2.4). At 
Forrestdale Lake, swan abundance initially increased with increasing hydroperiod 
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up to 3 months and then declined with hydroperiod. A similar pattern occurred at 
Lake McLarty where peak abundance occurred at 13 months during the 
hydroperiod. There was no clear pattern at Lake Gwelup.  
 
Table 2.5 Simple linear regression comparing swan abundance and hydroperiod at 3 study lakes 
(Forestdale Lake, Lake Gwelup and Lake McLarty). *Note regression equations at bottom of table. 
Location Df Beta SE R2 P 
Forestdale Lake  21 -0.22 0.01 0.05 0.33 
Lake Gwelup 19 -0.04 0.09 0.002 0.86 
Lake McLarty 77 0.29 0.00 0.08 <0.01 
Regression equations  
Forestdale Lake - Swan abundance predicted = 31.48 + 267.07 (water height) 
Lake Gwelup - Swan abundance predicted = 24.32 - 5.94 (water height) 
Lake McLarty - Swan abundance predicted = 157.52 + 357.47 (water height). 
 
2.3.5 Relationship between swan abundance and the significant breeding 
characteristics of wetlands 
 
There was an association between swan abundance and the significant breeding 
characteristics of the wetlands at two sites, Forestdale Lake and Thompson Lake. 
These two sites had higher swan numbers during the breeding season (winter 
and/or spring) compared to the other seasons. Forestdale Lake had eleven of the 
significant habitat breeding characteristics and Thompsons Lake had ten (Table 
2.6). The two other wetlands, Lake Gwelup and Kolgolup Lake did not have 
higher swan numbers during the breeding season, and both only had 5 of the 
significant breeding characteristics of the black swan (Table 2.6). 
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Table 2.6 Summary of the significant breeding characteristics at four study lakes (Forestdale Lake, 
Thomsons Lake, Lake Gwelup and Kogolup Lake), based on the criteria of Storey et al. (1993). 
Bold lettering indicates that the site has the preferred level for breeding. 
Significant Breeding 
Characteristics  
Preferred 
Levels for 
Swan 
Breeding 
Forestdale 
Lake  
Thomsons 
Lake  
Lake 
Gwelup  
Kogolup 
Lake  
Area (ha) >50 248 250 20 12 
Shoreline (m) >3000 7000 6000 2400 1200 
Islands (P) P 0 0 0 0 
Drains  1 2 2 2 1 
Buffer Pristine 0-50 30 90 0 25 
Geometry Type  Ovoid Ovoid Round Round Ovoid 
Distance to Coast (km)  1-5 15 5 3.5 6 
Open Water (ha) >10 210.8 212.5 16 7.2 
Reed/ Rush cover (ha) >5 26.04 33.75 3.6 4.32 
Shrub/ Bush cover (ha) >2 1.86 1.88 0.4 0.24 
Tree Cover (ha) >2 11.16 3.75 0.6 0.48 
Dead Tree Cover (P/A) P A A P A 
Closed water area (ha) >10 37.20 37.5 4 4.8 
Vegetation Groups 
(UPGMA) 
6 6 6 4 4 
Tree Cover (%) >25 0.05 0.02 0.03 0.04 
Grass Cover (ha) >5 1.86 0 0 0 
Depth (m) 0.5-1 0.36 0.81 2.3 1.26 
pH >9.5 9.42 8.14 8.35 8.16 
Temperature ()  15-20 22.28 20.06 18.84 19.94 
Macrophyte cover (%) >50 50 10 15 0 
Macrophyte Biomass (DW 
m2)   
20-100 56.99 194.38 9.78 0 
Zooplankton (DW m2)   >0.1 0.0961 0.2093 1.9 0.2063 
Total Significant breeding 
characteristics 
 
11 10 5 5 
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2.4  Discussion  
 
Despite the large Birds Australia database with 210 sites on the SCP only 61 had 
observations of swans recorded, and only a small subset (6 out of 210) contained 
counts of swans with seasonal replication. Therefore, conclusions drawn from this 
dataset are limited in that they only represent ~3% of the wetlands on the SCP and 
should not be considered representative of the entire area. Nonetheless, it was the 
most thorough analysis that could be carried out with the existing data, 
highlighting the need for a more concerted data collection to be able to document 
temporal and spatial patterns in swan habitat use. The majority of the observations 
in the database on swans were indicating the presence or absence of young swans. 
Within the limitations of this small dataset, there was seasonal variability in swan 
abundance at lakes and wetlands on the SCP. The variations were not consistent 
across wetlands.  
 
Three main factors identified as influencing swan abundance were hydroperiod, 
water depth and the presence of features at the wetland that were favourable for 
black swan breeding.  While no data were available on macrophyte biomass, the 
published literature suggests that this is also likely to be important in influencing 
swan abundance. Waterbirds have been seen to move to smaller lakes as 
macrophytes develop and graze until depletion when the lakes and wetlands dry 
out (Van Donk & Otte 1996, Perrow et al. 1997, Holm & Clausen 2006). In 
Australia aquatic macrophytes become more developed over an extended time 
after flooding when wetlands begin to fill, particularly during winter and spring. 
These provide a habitat for the aquatic macrophytes to grow, an important food 
source for the black swan (Kingsford et al. 1999, Kingsford & Norman 2002). 
Studies in Eastern Australia have shown increases in swan abundance may be 
related to increases in aquatic macrophytes after flooding (Kingsford et al. 1999, 
Roshier et al. 2009). The factors that were observed to influence swan abundance 
were not consistent across the wetlands, and they are likely to interact. Where 
there were >10 of the 22 identified breeding characteristics at a wetland, more 
swans were present during the breeding season (winter and spring). Generally the 
breeding success of many waterbirds is controlled by predation, food availability 
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and weather (Martin & Wiebe 2004, Tulip & Schekkerman 2008). Some 
waterbirds also have specific habitat requirements for breeding, which vary 
between species. These specific requirements have the potential to influence the 
breeding success and clutch size of waterbirds, with some species having a greater 
number of requirements than others (Storey et al. 1993, Saab 1999, Norris et al. 
2004). On the SCP there are a number of breeding waterbirds whose breeding 
activity can be associated with significant habitat characteristics, including the 
black swan with 22 habitat associations (Storey et al. 1993), the most of any other 
waterbird. Some of these vary seasonally including water depth, macrophyte 
cover, macrophyte biomass and zooplankton abundance, all of which are likely to 
increase during winter and spring with increasing water levels (Storey et al. 1993). 
The black swan could be moving to these wetlands for breeding.   
 
Also in wetlands with annual fluctuations in water level, there was an increase in 
swans with increasing water level, but the relationship with hydroperiod varied. 
Maximum swan abundance was observed at a hydroperiod of 3 months at 1 site, 
and 10 at another. Globally, the length of the hydroperiod has commonly been 
found to be an important factor influencing waterbird abundances on lakes and 
wetlands (Van Donk & Otte 1996, Holm & Clausen 2006). Extended 
hydroperiods allow the growth of emergent macrophytes, an important food 
source for waterbirds (Van Donk & Otte 1996, Holm & Clausen 2006). Water 
levels can also influence the type and abundance of water birds found on wetlands 
around the world (Musil & Fuchs 1994, Bancroft et al. 2002, Bolduc & Afton 
2008). For example, in the Northern Everglades of Florida water depth was the 
most important factor influencing bird abundance (Bancroft et al. 2002), while in 
the Czech Republic mutes swans were seen to increase with an increase in 
flooding (Musil & Fuchs 1994). This trend can be seen in Australia where a 
highly variable climate, both temporally and spatially, has significant impacts on 
wetland flooding patterns, influencing waterbird movements, including that of the 
black swan (Roshier et al. 2009).  
  
Where the abundance of swans appears to vary among seasons, on ephemeral 
water bodies it was characterised by an increase during winter and spring. This 
could possibly be for breeding but also for forage as this is the time when water 
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levels increase in the wetland. On permanent water bodies an increase in swan 
abundance was observed during summer and autumn when ephemeral water 
bodies were dry. During this time it is estimated 4804.1 ha are lost for swan 
habitat when ephemeral wetlands dry, 22% of all available wetland habitat. It is 
possible permanent water bodies act as a refuge for swans during summer and 
autumn, when many wetlands dry. If ephemeral and permanent wetlands on the 
SCP dry, swan abundance may increase on the Lower Swan River estuary during 
winter and spring as at these times swan abundance is expected to be low at the 
wetlands. The dominant food source for swans in the estuary, seagrass, is reduced 
in winter due to lower temperatures and salinity (Hillman et al. 1995); therefore 
increases in swan abundance may negatively impact on the seagrass. 
 
This chapter has identified the need for more comprehensive investigations into 
spatial and temporal variations in the swan abundance on ephemeral and 
permanent lakes and wetlands on the SCP to gain a better understanding on swan 
movements and to determine if the Lower Swan River estuary has enough 
significant breeding characteristics to assist swan breeding if surrounding 
wetlands dry out. Seasonal changes in swan abundance on the Lower Swan River 
estuary will be investigated in Chapter 3.  
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3. Spatial and temporal variation in swan abundance and grazing 
on the Lower Swan River estuary 
  
3.1  Introduction  
 
Temporal variation in the abundance of waterfowl on larger lakes and estuaries in 
the southern hemisphere is often more complex than for their northern hemisphere 
counterparts (Chambers & Loyn 2006). In the latter case, waterfowl usually move 
south during winter to seek food and a warmer climate (Warnock & Takeawa 
1996, Petrie & Wilcox 2003). In contrast, the southern hemisphere has a milder 
and drier climate and bird migration appears to be more influenced by aridity and 
rainfall (Kingsford & Norman 2002, Kingsford et al. 2010).   
 
In Australia, the climate including rainfall is highly variable both temporally and 
spatially. This temporal and spatial variability has a strong influence on river 
flooding patterns and filling of wetland habitats and hence on the ecology of 
Australian waterbirds, especially for more nomadic species like the black swan 
(Dingle 2008). Black swan abundance is strongly seasonal on larger water bodies, 
increasing in summer and autumn with local climate variables such as rainfall 
having the greatest influence on abundance (Chambers & Loyn 2006, Kingsford 
et al. 2010). Increases in rainfall results in the movement of black swans away 
from larger water bodies to seek smaller ephemeral wetlands once they begin to 
fill (Chambers & Loyn 2006, Kingsford et al. 2010).     
 
Food availability is an important factor that has been shown to influence waterbird 
abundance worldwide (Martin & Wiebe 2004, Tulip & Schekkerman 2008) and 
Australian waterbirds, including the black swan (Kingsford et al. 1999, Kingsford 
& Norman 2002). Aquatic macrophytes, including seagrasses, are an important 
food source on larger water bodies for black swans particularly during summer 
and autumn while surrounding wetlands are dry (Marchant & Higgins 1990, 
Mitchell & Wass 1995, 1996). It is important to determine whether black swans 
graze on the Lower Swan River estuary and if this varies both temporally and 
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spatially, to asses if the Lower Swan River estuary is an important forage area for 
black swans.  
 
Habitat loss, hunting and exotic introductions are the main threats to waterfowl 
world-wide and can significantly influence waterfowl abundance on water bodies 
(Green 1996). In the northern hemisphere, hunting of waterfowl is more common 
and increases in hunting activity depresses their abundance (Bechet et al. 2004, 
McKinney et al. 2006). Other habitat characteristics (shoreline configuration, 
increasing land-water interface, wind exposure and prey density) have also been 
found to influence waterfowl abundance. The boundary between the two habitat 
types (water and land) increases exposure of waterfowl to waves, winds and land-
based predators (Burton et al. 2002, Bechet et al. 2004). Landscape characteristics 
(surrounding residential and industrial development, vegetated land and the extent 
of wetland edge) also influence the distribution of waterfowl (Burton et al. 2002, 
Bechet et al. 2004). Progressive residential and industrial development reduces 
waterfowl abundance around estuaries and wetlands as water bodies become less 
attractive to waterfowl (Paracuellos & Telleria 2004, McKinney et al. 2006).    
Other disturbances, such as human activities on larger lakes and estuaries have 
significantly reduced waterbird abundance. For example, declines in most bird 
species at Pelican Point and other areas of the Lower Swan River estuary have 
been attributed to greater recreational use of the estuary (Creed & Bailey 2009). 
Increases in boating produces wash that undermines the river beaches making 
them less available for waterfowl. Other human activities, such as the presence of 
wind and kite surfers and walkers with dogs may also have disturbed birdlife 
(Creed & Bailey 2009). There are some key habitat requirements for waterbirds as 
outlined in chapter 2, such as habitats providing sufficient amounts of available 
food at depths waterbirds can reach (Kingsford & Norman 2002, Roshier et al. 
2009) and key habitat requirements required for breeding in some water birds 
(Musil & Fuchs 1994, Bancroft et al. 2002, Bolduc & Afton 2008). The presence 
of these factors is likely to influence the abundance of waterbirds at a particular 
site.  
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This study focused on the Lower Swan River estuary, a permanent water body 
with shallow waters to support swan feeding. The estuary has a variety of 
conservation values to protect estuarine habitats, fauna and migratory birds, as 
well as recreational, commercial, educational, historical and research values 
(Department of Environment and Conservation 1999). The aquatic and terrestrial 
environments on the estuary offer opportunities for a range of recreational 
activities, including bird watching, sightseeing, artistic pursuits, windsurfing, 
water sports, fishing and boating (Department of Environment and Conservation 
1999). The estuary has three marine parks at Alfred Cove, Milyu and Pelican 
Point (Figure 3.1). In these areas no structures or development are allowed and 
there are restrictions on the type of watercraft allowed in the area (no jet skis and 
motorised watercraft have a speed limit of 8 knots/hour) and in addition special 
licences are required for recreational and commercial fishing. 
 
 
Figure 3.1 Locations of the marine parks on the Lower Swan River estuary. Alfred Cove 
(Orange), Milyu (Blue) and Pelican Point (Green).  
 
On the estuary there have been some observations of swans recorded in the Birds 
Australia database. However, these were mostly documented as the presence of 
young swans. The abundance of adult birds was not recorded in this database. 
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From historic records, it is suggested the abundance of black swans has altered 
dramatically since European settlement. In 1827 Charles Fraser noted large 
quantities of black swans, up to 500 in the Swan River estuary (Brearley 2005). 
Recent surveys (2007/08) observed up to 78 black swans feeding in the Lower 
Swan River estuary during summer, with 69% of them feeding in the seagrass 
meadows (Eklof et al. 2009). In this study, spatial variation in swan abundance 
was observed on the Lower Swan River estuary. High numbers were seen at Point 
Walter, Alfred Cove marine park and Milyu marine park (Eklof et al. 2009). The 
latter study was conducted during summer, so little is known about seasonal 
variation in swan abundance. Other studies have suggested swans move to 
permanent water bodies during summer and autumn when ephemeral wetlands 
dry, then move back to these areas once they begin to fill (Chambers & Loyn 
2006, Lane et al. 2007, Kingsford et al. 2010). Therefore the Lower Swan River 
estuary could act as a refuge when inland lakes and wetlands dry out between late 
spring and late autumn.  
 
In the Lower Swan River estuary the most predominant species is the seagrass 
Halophila ovalis, a keystone species. However, the seagrasses Ruppia megacarpa 
(R. Mason) and Zostera muelleri (S.W.L Jacobs) also occur in the estuary and 
may be an important foods for the swan. The management agency for the Swan 
River estuary, the Swan River Trust, is attempting to improve the health of the 
estuary and increase swan numbers (Brearley 2005). This study assesses if there 
are key swan use areas and if they vary temporally, so management can be 
directed to these areas. This study also assesses if there are particular 
characteristics that can be used to predict where swans will be. This information 
can be used by managing agencies of the Swan River estuary to ensure features 
are maintained or enhanced to promote the return of the black swan to the estuary. 
Therefore, two aims will be addressed: 
 
1. To determine if there is temporal and spatial variation in swan abundance 
and grazing on the Lower Swan River estuary; and 
2. To determine whether there is an association between specific site and 
habitat characteristics and swan abundance. 
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3.2 Methods 
 
3.2.1 Study area  
 
This study was conducted in the Lower Swan River estuary which flows through 
Perth City centre in south-western Australia (Fig. 2.1). Three seagrass species are 
found in the Lower Swan River estuary with H. ovalis the dominant seagrass 
(Brearley 2005), covering 25% of the main basin from 0 to 2.5 m depth (Hillman 
et al. 1995). Other seagrasses in the estuary include R. megacarpa and Z. muelleri 
(Brearley 2005).  
 
3.2.2 Surveys of swan abundance & behaviour 
 
To determine if there were temporal (inter-annual and daily) and spatial variation 
in black swan abundance and behaviour on the Lower Swan River estuary, 
surveys were repeated throughout the year at 45 sites (Figure 3.2). The size of the 
sites varied as they were selected based on the ability to observe swans from a 
central observation point on the shoreline using binoculars. Surveys of all sites 
were conducted five times (i.e, separate days) in each season (spring, summer, 
autumn and winter) and twice during the day (morning and evening) on each 
sampling day. Surveys were conducted twice during the day as some studies have 
shown feeding by black swans increases through the day until dusk (Mitchell & 
Wass 1996, Hamilton et al. 2002). Morning surveys were conducted between 
7am-10am in all seasons, while the evening surveys were conducted between 
3pm-6pm in spring and autumn, 4pm-7pm in summer and 2:30 pm-5:30 pm in 
winter.  The timing of the five surveys was organised so that at least one survey 
was conducted in each month so that the observations were spread across the three 
months in each season, to account for any seasonal movements of swans. Here the 
observations in each month were randomly allocated to one day (i.e. a total of 3 
days, 1 per month). Then the remaining two surveys were randomly selected from 
two days in the three month period (Table 3.1).    
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Table 3.1 Dates surveys were conducted. 
Season  Date  
Spring  3/9/2009 
 18/9/2009 
 24/9/2009 
 1/10/2009 
 8/11/2009 
Summer 10/12/2009 
 24/12/2009 
 7/1/2010 
 12/1/2010 
 25/2/2010 
Autumn  18/3/2010 
 9/4/2010 
 23/4/2010 
 7/5/2010 
 25/5/2010 
Winter  1/6/2010 
 10/6/2010 
 1/7/2010 
 12/7/2010 
 27/8/2010 
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Figure 3.2 Map of the study area showing the 45 sites used in seasonal swan abundance surveys.  
 
At each site, the total number of swans and their behaviour was recorded by 
consistent left to right tracking with binoculars which was repeated five times 
with the average taken. Abundances were normalised to one square kilometre to 
account for the variation in site size. Site size was calculated from Figure 3.2 
using Image J.  Behaviours were classified as feeding, loafing, sleeping, 
transiting across site, grooming or ‘other’ (i.e. any behaviours that did not fit the 
other classifications, including vocalising, social displays or other behaviours). 
Feeding was the only behaviour addressed in this chapter as this was the focus of 
the study, however, analyses were run for all 6 behaviours and are presented in the 
appendixes.   
 
Data Analysis  
 
To determine if swan abundance and the proportion of swans observed feeding in 
the Lower Swan River estuary varied among seasons and between times of day, a 
two-way ANOVA was performed. Observations were grouped into seasons and 
time of day (fixed factors) and all data were pooled across sites. Total swan 
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abundance data was log transformed to meet assumptions of homogeneity of 
variance and normality and the proportion data was arc-sin transformed as per, 
Quinn & Keough (2002). Statistical analyses were performed using GMAV 
(Underwood & Chapman. 1997). 
 
To determine if there were temporal (inter-annual and daily) and spatial variations 
in swan abundance and the proportion of swans observed feeding at each of the 45 
sites on the Lower Swan River estuary, a PERMANOVA was performed. A 
PERMANOVA was used for the analysis because the data was not normally 
distributed. The PERMANOVA does not assume normal distribution of data. 
Observations were grouped into site, season and time of day. Sites with no 
observations of black swans during the entire study period were excluded (n=15). 
Post-hoc tests were performed by pair wise comparisons using PRIMER (Clarke 
& Gorley 2006). 
 
3.2.3 Associations between swan abundance and site characteristics  
 
To determine whether there was an association between site characteristics and 
the abundance of black swans on the Lower Swan River estuary, specific site 
characteristics were recorded in the morning and afternoon of each survey day at 
all 45 sites (Table 3.2). Most site characteristics were noted during the visual 
observations of swans, including; number of boats, jetties, boat moorings, people, 
dogs, jets skis, people feeding swans, café’s and length of the limestone wall at 
each site. However, the remaining characteristics required additional equipment 
and calculations. These are discussed below.  
 
Site characteristics 
 
Noise level  
 
Noise level was measured using a DSE Digital Sound Level Meter. Four 
replicates were taken at a minimum of approximately ten metres apart, at random 
locations at each site. Measurements were averaged in the analysis. 
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Natural vegetation cover along shoreline  
 
Natural vegetation cover along the shoreline was estimated by placing a 0.04 m2 
quadrat every 10 m on a transect along the shoreline and the percentage cover of 
natural vegetation was recorded. Each quadrat value was averaged across each 
transect, so one replicate was taken at each site. 
 
Natural vegetation condition  
 
The condition of the vegetation was assessed according to the system described in 
the Bush Forever guides (Government of Western Australia 2000). The Bush 
Forever condition rating scale ranges from pristine (where the vegetation exhibits 
no visible signs of disturbance) to completely degraded (where the vegetation 
structure is no longer intact and without native plant species). 
 
Cloud cover  
 
To estimate the cloud cover at each site the sky was divided up into quadrants, 
after which an estimate of cloud cover was taken in each quadrant based on 
methods described in (Globe 2003). Estimates were averaged at each site, so one 
replicate was taken at each site.   
 
Tide height  
 
Tide height data was obtained from the Australian Bureau of Meteorology (2011) 
on each of the sampling days during the morning and afternoon, as tide height 
changes throughout the day. One replicate was taken in the morning and afternoon 
at each site.   
 
Relative Exposure Indexes (REI) 
 
Multiple REIs were generated in each month both in the morning and afternoon at 
each of the 45 sites during the course of the study period (September 2009 to 
August 2010). The calculation for the REIs required climatic information and the 
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effective fetch at each site. Climatic information for the 45 sites was obtained 
from the Australian Bureau of Meteorology (2011). The climatic variables used 
for the calculations were as follows: 
 
1. Mean wind velocity (V), the average monthly wind speed (ms-1) was based 
on two daily readings, at 9am and 3pm, from September 2009 to August 
2010.  
2. Directional percentage frequency (Pi), the frequency (%) at which wind 
occurs from the compass direction. Data was based on two daily readings, 
at 9am and 3pm, from September 2009 to August 2010.  
 
Effective Fetch is defined as the distance between a site and the nearest wave-
blocking obstacle (shoreline) along a given compass direction (Valesini et al. 
2010). The effective fetch data used to calculate the relative exposure index were 
sourced from Valesini et al. (2010). Five effective fetches were calculated in this 
study N, E, S, W and the fetch perpendicular to the beach. Each fetch was used to 
calculate the REI at each site.   
 
REI was calculated for each site using the equation derived in (Garcon et al. 
2010). The sum of the five fetch directions (N, E, S, W and perpendicular fetch) 
were multiplied by the average wind velocity and directional percentage 
frequency, so one replicate was taken in the morning and afternoon at each site.  
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Table 3.2 Site characteristics recorded during each swan survey. 
Additional site factors Measurement 
Number of other birds  (#) 
Natural vegetation condition  Bush Forever scale (1 degraded – 5 Pristine) 
 (Government of Western Australia 2000) 
Natural vegetation cover along shoreline (%) 
Beach width  (m) 
Number of jetties   (#) 
Number of cafes  (#) 
Number of people feeding swans  (#) 
Number of  boat moorings  (#) 
Length of limestone wall  (#) 
Number of boats  (#) 
Number of jet skis  (#) 
Number of people  (#) 
Number of dogs  (#) 
Noise level  (db)  
Tide height (m) (Bureau of Meteorology 2011a) 
Cloud cover (%) (Globe 2003) 
Relative exposure index (Garcon et al. 2010) 
Fetch data used to calculate the relative 
exposure index was sourced from (Valesini et 
al. 2010) 
REI 
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Physical and biological habitat characteristics  
 
An additional fifteen physical and habitat characteristics were collected once in 
each season (spring, summer, autumn and winter) at a subset of 9 sites (Table 
3.3). The sites were arranged in a gradient from high to low swan use and then 
subsets of sites were selected across the gradient. This information was added to 
the previous site characteristics to asses if there were associations between swan 
abundance and site/ habitat characteristics. These could not be collected on each 
sampling occasion due to time constraints. These are as follows: 
 
Seagrass  
1. Zostera % cover  
2. Zostera biomass  
3. Halophila % cover 
4. Halophila biomass  
5. Ruppia % cover  
6. Ruppia biomass  
 
Macroalgae 
7. Green algae biomass  
8. Red algae biomass  
9. Brown algae biomass  
 
Water Quality    
10. Water temperature  
11. Salinity 
12. pH  
13. Turbidity 
 
Landscape 
14. Width of vegetative area available for feeding 
15. Slope of area  
 45
Table 3.3 Table of nine sites used for the habitat characterisation study during the four seasons 
(spring, summer, autumn and winter).  
Season 
 Spring Summer Autumn Winter 
Site  Point Walter Café Point Walter Café Point Walter Café Como South A 
Point Walter 
South 
Point Walter 
South 
Point Walter South Dee Road 
Freshwater Bay A Freshwater Bay A Freshwater Bay A Troy Park 
Blackwell Reach 
South South 
Bishop Road Bishop Road Bishop Road 
Matilda Bay B Matilda Bay B Cunningham 
Street 
Burke Drive 
West B 
Majestic A Majestic A Majestic A Majestic A 
Claremont Jetty  Claremont Jetty  Claremont Jetty Leeuwin South B 
Como Mid B Como Mid B Leeuwin South B Como Mid B 
Burke Drive East 
B 
Burke Drive East 
B 
Burke Drive East 
B 
Burke Drive East 
B 
 
The methods of collection for each of these physical and habitat characteristics are 
descried in more detail below: 
 
Seagrass cover  
 
Seagrass cover was estimated in a 40×40m area within the site where swans were 
most regularly observed. Within the area, four 20 m transects were randomly 
located within a depth of less than 1m, which is approximately the maximum 
depth of black swans feed. A 0.04 m2 quadrat was positioned every 2 m on each 
transect and the species of seagrass (H. ovalis, R. megacarpa or Z. muelleri) was 
recorded giving a total of 40 points within each site. Seagrass cover was estimated 
from a photograph of each 0.04 m2 quadrat. The photos were later analysed on the 
computer by placing a clear cover with ten random dots over the screen and the 
species present under each dot recorded. Only one species was recorded per point. 
Species cover in each quadrat was reported as the (%) of points containing the 
species of interest. Each quadrat value was averaged across each transect, so four 
replicates were taken for each site. 
 
Seagrass biomass  
 
To determine the seagrass biomass at each site, four cores (i.d. 10.5cm, 
depth=10cm) were collected from randomly located points on each of the four 
transects described in the previous section. The core samples were sieved though a 
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2 mm sieve to remove sediment, placed in plastic bags, stored on ice during 
transport and then frozen until processing. Later, the different seagrass and algae 
were separated, washed to remove salt and dried at 60˚C for 24 hours before 
weighing.  
 
Water quality  
 
Water quality was measured using a WTW meter (pH, salinity, water temperature 
and turbidity). Four replicates were taken at a minimum of approximately ten 
metres apart and randomly located at each site. They were taken in 1m depth of 
water, the same depth in which the seagrass measurements were taken. 
Measurements were taken at the top and bottom of the water column. To prevent 
mixing of the water column, slow movements were made through the water and 
measurements were taken a few minutes after a sampling point was reached. Top 
and bottom measurements were averaged in the analysis. 
 
Site bathymetry  
 
The slope of the site (m) and width of vegetative area available for feeding (m) 
was determined using an automatic level instrument (Bear) and staff, measuring 
the height relative to the ground level from the water’s edge, every five metres 
until the point 1m depth of water was reached (or exceeded) or the point where the 
horizontal distance exceeded 300m. In this investigation, the only interest was in 
the slope of the area, therefore it is a relative measure and the absolute height was 
not important; only how the depth changes with distance. Therefore, only the 
slope was recorded (m). In addition, the horizontal distance at which seagrass 
started and ended was recorded to determine the width of vegetative area available 
for feeding (m).  
 
Data analysis  
 
To determine whether specific site characteristics were associated with swan 
density, a forward step multiple linear regression was performed. However, as 
there were many variables (n=32) these were reduced using a principal component 
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analysis (PCA) to determine which variables were co-correlated (Jongman et al. 
1995) and then removing all but one of the co-correlated variables. This analysis 
was performed using PRIMER (Underwood & Chapman. 1997) and all data were 
range standardised. If any variables were co-correlated, the factor showing the 
most variation, indicated by the longest line on the PCA, was selected to use in 
the multiple linear regression. The multiple linear regression examined swan 
density against the site characteristics to determine which characteristics were 
associated with swan density. The multiple linear regression was performed using 
SPSS (SPSS 2008). The R2 value indicates the strength of the relationship while 
the B value indicated which characteristics were most important. Due to the 
different frequency of data collection for specific site characteristics (every 
survey, 40 sampling days x 2 times a day x 45 sites: n=1800, 17 predictor 
variables) and physical and biological characteristics (once every season at a sub-
set of sites, 4 sampling days x 2 times a day x 9 sites: n=72, 32 predictor 
variables) two different analyses were run. In the first multiple regression, swan 
abundance data was the abundance observed at the particular site, day and time. 
For the second multiple regression, the data used were the average abundance at 
the site in that season (average of 5 days x 2 times of day: n=10).  
 
3.3 Results  
 
3.3.1 Temporal (season and daily) variation in the total abundance of swans on 
the Lower Swan River estuary 
 
There were significant seasonal differences in the number of swans observed on 
the Lower Swan River estuary (p<0.05), but no significant differences between 
time of day (p>0.05, Table 3.4, Figure 3.3). The greatest abundance of swans was 
observed in autumn (185 ± 15 equating to a density of 20 ± 2 km-2), while the 
lowest was observed during spring (53 ± 4 equating to a density of 6 ± 0 km-2). 
There was no significant difference in swans observed during summer and winter 
(104 ± 11 & 80 ± 9 equating to densities of 11 ± 1 & 9 ± 1 km-2, Figure 3.2).   
 48
Figure 3.3 Swan abundance and percentage of swans observed feeding during different seasons 
(spring, summer, autumn and winter) and times of day (morning and evening) on the Lower Swan 
River estuary: (a) Total counts across all sites on the 5 sampling occasions within each season and 
(b) Percentage observed feeding. Letters above the columns indicate which seasons are different 
based on post-hoc comparisons. All data are means ± SE. 
 
Table 3.4 Summary of two-way ANOVA testing for differences in the total number of swans 
among times of year (spring, summer, autumn and winter) and between times of day (morning and 
afternoon). 
 Sum of 
squares 
Df Mean 
Square 
F P 
Season 8.01 3 2.74 25.30 <0.01 
Time of Day 0.03 1 0.04 0.33 0.57 
Season X Time of Day 0.08 3 0.03 0.27 0.85 
Residual 3.38 32 0.11   
Total 11.51 39    
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3.3.2 Temporal (season and daily) variation in the percentage of feeding swans 
 
There was no significant seasonal difference in the percentage of swans observed 
feeding in seagrass meadows on the Lower Swan River estuary (Table 3.5, 
p>0.05). A significantly greater percentage of swans were observed feeding in the 
seagrass meadows during the afternoon than in the morning (Figure 3.3).  
Averaged across all seasons, 57 ± 4% were feeding in afternoons compared with 
37 ± 2% in mornings.  
 
Table 3.5 Summary of the two-way ANOVA testing for differences in the percentage of swans 
observed feeding among times of year (spring, summer, autumn and winter) and between times of 
day (morning and afternoon). 
 Sum of 
squares 
Df Mean 
Square 
F P 
Season  110.35 3 36.78 0.55 0.65 
Time of Day  1552.59 1 1552.59 23.26 <0.01 
Season X Time of Day 205.73 3 68.58 1.03 0.39 
Residual  2136.19 32 66.76   
Total  4004.87 39    
 
3.3.3 Spatial and temporal variation in swan density 
 
There was significant spatial variation in swan density on the Lower Swan River 
estuary. However, these differences were dependent on the time of year (Table 
3.6, Site x Season interaction: p<0.05, Figure 3.4). Fifteen sites had no swans 
present during the study period (sites 2, 3, 5, 6, 10, 12, 26, 33, 34, 37, 38, 39, 40, 
44, 45) and were not included in this analysis. Based on the post-hoc tests, of the 
30 sites that had swans present, 16 of those showed significant seasonal variation 
(sites 7, 8, 9, 11, 13, 14, 15, 18, 19, 21, 22, 23, 24, 25, 27, 31). Blackwell Reach 
South South and Jarrat Drive South (sites 7, 9) showed significant seasonal 
variation with higher swan abundance during autumn (16 ± 6 & 11 ± 5) compared 
to spring (1 ± 1 & 0 ± 0), summer (0 ± 0 & 3 ± 3) and winter (0 ± 0 & 0 ± 0). 
Burke Drive Centre A and Burke Drive Centre B (sites 18, 19) showed significant 
seasonal variation with higher swan abundance during summer and autumn (24 ± 
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12 & 17 ± 7 and 69 ± 26 & 28 ± 12) compared to spring (0 ± 0 & 2 ± 2) and 
winter (2 ± 2 & 3 ± 3). The other sites showing seasonal variation had low 
densities of swans present. Fourteen sites showed no significant seasonal variation 
(sites 1, 4, 16, 17, 20, 28, 29, 30, 32, 35, 36, 41, 42, 43).  
  
Examining these patterns across the whole estuary, three high-use areas were 
identified; Point Walter, Milyu (Como) and Alfred Cove. The time of year these 
high-use areas were utilised also varied. During spring the greatest density of 
swans on the river were at Point Walter (sites 13, 14, 15) (76 ± 18; 57 ± 14 & 46 ± 
12), while during winter the greatest density was seen at Alfred Cove (sites 21, 
22, 23, 24) (74 ± 23; 134 ± 32; 42 ± 18 & 11 ± 6) and Como (site 31) (56 ± 9). 
During summer most of the swans on the river were observed at Point Walter (70 
± 15; 96 ± 26 & 20 ± 7) and Alfred Cove (116 ± 24; 100 ± 13; 1 ± 1 & 20 ± 20), 
while during autumn most swans were observed at Point Walter (61 ± 20; 122 ± 
30 & 27 ± 7), Alfred Cove (237 ± 39; 184 ± 24; 37 ± 18 & 55 ± 16) and Como (54 
± 4) (Figure 3.4).   
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Figure 3.4 Swan density at forty five sites during four seasons (spring, summer, autumn and 
winter) on the Lower Swan River estuary. Sites in red boxes were excluded from the analysis. 
Sites in blue boxes indicate significant difference among seasons (Pair wise comparisons) and sites 
without boxes had no significant seasonal variation. Inserted graphs show differences in swan 
density at the areas with most swan activity throughout all four seasons. Letters above the columns 
on these graphs indicate which sites are different based on post-hoc comparisons.  All data are 
means ± SE. 
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Table 3.6 Summary of the PERMANOVA testing for differences in spatial (45 sites), temporal 
(inter-annual) (spring, summer, autumn and winter) and daily (morning and afternoon) variations 
in swan abundance. 
 Sum of 
squares 
Df Mean 
Square 
F P 
Site 5.73 29 19767 29.47 <0.01 
Season 49118 3 16373 24.41 <0.01 
Time of day 592.71 1 592.71 0.88 0.34 
Site X Season 2109 87 2109 3.14 <0.01 
Site X Time of day 679.15 29 679.15 1.01 0.45 
Season X  Time of day 971.06 3 971.06 1.45 0.22 
Site X  Season X  Time of day 673.22 87 673.22 1.0 0.47 
Residual 670.82 960 670.82   
Total 1.53 1199    
 
3.3.4 Association between site characteristics and the density of swans 
 
There was a significant relationship between swan density and a sub-set of site 
characteristics (number of other birds, length of limestone wall, tide height, 
natural vegetation condition, number of boat moorings and number of boats) on 
the Lower Swan River estuary. Some site characteristics (4) were co-correlated 
and removed from the analysis (Table 3.7). However, these six variables 
explained only 14% of the variation in swan density (Table 3.7). Most of the 
variation in swan density was explained by a positive relationship with other birds 
(B = 13.53). Vegetation condition along the shoreline (B = 3.09) and tide height 
(B = 2.88) were also positively correlated with swan density. The number of boats 
in the area (B = -2.26) was negatively correlated with swan density, as were the 
length of the limestone wall (B = -3.67) at a site and the number of boat moorings 
(B = -2.72) (Table 3.8).  
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Table 3.7 Co-correlated variables in the multiple regression analysis as determined by a PCA 
analysis. 
Variables included in the multiple-linear 
regression 
Co – correlated variables removed from the 
multiple linear regression 
Number of other birds - 
Length of limestone wall - 
Tide height - 
Natural vegetation condition along the shoreline - 
Number of  boat moorings Number of jetties   
Number of boats - 
Relative exposure index  - 
Beach width Cloud cover 
Noise level - 
Number of jet skis - 
Number of people - 
Number of dogs # people feeding swans & # café’s 
Natural vegetation cover along shoreline - 
 
Table 3.8 Multiple linear regression comparing swan abundance and site characteristics on the 
Lower Swan River estuary. R2= 0.14. *Note regression equations at bottom of table. 
 
Variable Std. 
error 
B Sig 
Number of other Birds 0.95 13.53 <0.01 
Length of limestone wall 0.97 -3.67 <0.01 
Tide height 0.93 2.88 <0.01 
Natural vegetation condition 0.94 3.09 <0.01 
Number of  boat moorings 0.97 -2.72 <0.01 
Number of boats 0.93 -2.26 0.02 
Regression equation  
Swan abundance predicted = 13.71 + 13.53 (number of other birds) - 3.67 (length of limestone 
wall) + 2.88 (tide height) + 3.09 (natural vegetation condition) - 2.72 (number of boat moorings) - 
2.26 (number of boats).  
 
3.3.5 Association between physical, biological and site characteristics and the 
density of swans 
 
Using a smaller subset of data (only 9 sites per season) but additional physical and 
biological descriptors of the sites, there was a significant relationship between 
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swan density and a sub-set of the physical, biological and site characteristics 
(number of other birds, natural vegetation cover along shoreline, number of 
jetties, slope of area, Zostera % cover and salinity) on the Lower Swan River 
estuary. Once again some site and habitat characteristics were co-correlated and 
removed from the analysis (Table 3.9). These eight significant variables explained 
34% of the variation in swan density (Table 3.10). Most of the variation was 
explained by a positive relationship with other birds (B = 20.63). Swan 
abundances were positively correlated with a high cover of natural vegetation 
along the shoreline (B = 11.64), higher salinity (B = 15.14) and healthier 
vegetation condition along the shoreline (B = 17.65). A large amount of variation 
was also explained by a negative relationship between swan density and the 
number of jetties (B = -22.78), slope of the area (B = -24.02), Zostera % cover (B 
= -12.27) and brown algae biomass (B = -7.73) (Table 3.9). 
 
Table 3.9 Co-correlated variables in the multiple regression analysis as determined by a PCA 
analysis. 
Variables included in the multiple-linear 
regression 
Co – correlated variables removed 
from the multiple linear regression 
Number of other birds - 
Natural vegetation cover along shoreline - 
Relative exposure index Temperature 
Slope of area - 
Number of jetties Number of dogs 
Natural vegetation condition along the 
shoreline 
Ruppia & Halophila biomass & % cover 
Salinity Red algae biomass & tide height 
Green algae biomass Cloud cover 
Length of limestone wall - 
Noise level - 
pH - 
Brown algae biomass - 
Water colour Number of boats 
Number of  boat moorings - 
Number of people feeding swans Beach width, # jet skis & # café’s 
Number of people - 
Length of vegetative area available for feeding - 
Zostera % cover Zostera biomass 
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Table 3.10 Multiple linear regression comparing swan abundance and specific site and habitat 
characteristics on the Lower Swan River estuary. R2= 0.34. *Note regression equations at bottom 
of table. 
 
Variable  Std. 
error  
Beta  Sig 
Number of other birds 2.78 20.63 <0.01 
Natural vegetation cover along shoreline 4.68 11.64 0.01 
Number of jetties 3.71 -22.78 <0.01 
Slope of area 3.44 -24.02 <0.01 
Natural vegetation condition along the 
shoreline 
4.03 17.65 <0.01 
Salinity 3.38 15.14 <0.01 
Zostera % cover 3.07 -12.27 <0.01 
Brown algae biomass 3.11 -7.73 0.01 
Regression equation 
Swan abundance predicted = 31.09 + 20.63 (number of other birds) + 11.64 (natural vegetation 
cover along shoreline) + 22.78 (number of jetties) - 24.02 (slope of area) + 17.65 (natural 
vegetation condition along the shoreline) + 15.14 (salinity) - 12.27 (zostera % cover) - 7.73 (brown 
algae biomass).  
 
3.3.6 Spatial and temporal variation in the proportion of swans observed feeding  
 
There was significant spatial variation in the proportion of swans observed 
feeding in the Lower Swan River estuary, however, these were dependent on the 
time of year and time of day (Table 3.11, Site x Season & Site x Time of Day 
interaction: p<0.05, Figure 3.5). Burke Drive West A, Troy Park and Freshwater 
Bay B (sites 16, 22, 43) were the only sites to have variation in the proportion of 
swans observed feeding with more feeding observed in the afternoon (0.25 ± 0.1; 
0.5 ± 0.1 & 0.4 ± 0.1) compared to the morning (0 ± 0 ; 0.3 ± 0.1 & 0.2 ± 0.1).  
 
Fifteen sites had no swans present during the study period (sites 2, 3, 5, 6, 10, 12, 
26, 33, 34, 37, 38, 39, 40, 44, 45) and were not included in this analysis. Of the 
sites included in the analysis, two had no swans feeding (7, 30). The remaining 28 
sites had feeding swans, eight of these with significant seasonal variation (sites 
14, 16, 19, 20, 22, 24, 25, 43). The nature of this seasonal variation varied with 
site. For example, Point Walter North and Freshwater Bay B (sites 14, 43) had a 
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significantly higher proportion of swans observed feeding during spring (0.4 ± 0.1 
& 0.4 ± 0.1), summer (0.6 ± 0.1 & 0.4 ± 0.1) and autumn (0.5 ± 0.1 & 0.4 ± 0.1) 
compared to winter (0.1 ± 0.1 & 0 ± 0). Burke Drive Centre A, Burke Drive East 
A and Dee Road (sites 19, 20, 25) had a significantly higher proportion of swans 
observed feeding during autumn (0.25 ± 0.11; 0.43 ± 0.16 & 0.56 ± 0.14) than 
spring (0.00 ± 0.00; 0.03 ± 0.03 & 0.05 ± 0.05). Troy Park had a significantly 
higher proportion of swans observed feeding during summer and autumn (0.42 ± 
0.11; 0.54 ± 0.1) compared to spring (0.15 ± 0.11). The other sites, Cunningham 
Street and Burke Drive West A (Sites 16, 24), had relatively low proportions of 
swans observed feeding. Twenty sites showed no significant seasonal variation 
(sites 1, 4, 8, 9, 11, 13, 15, 17, 18, 21, 23, 27, 28, 29, 32, 33, 35, 36, 41, 42). 
 
Three high swan feeding sites were identified, however, the proportion of swans 
feeding at these sites varied seasonally. The highest proportion of swans observed 
feeding on the river were seen at areas with the highest swan abundance (Point 
Walter (13, 14, 15), Alfred Cove (21, 22, 23, 24) and Como (32). During spring, 
the highest proportion of swans observed feeding were seen at Point Walter (0.1 ± 
0.1; 0.41 ± 0.09 & 0.45 ± 0.10) and Como (0.40 ± 0.16), while during winter the 
highest proportion of swans observed feeding on the river were seen at Alfred 
Cove ( 0.13 ± 0.1; 0.52 ± 0.15; 0.41 ± 0.09 & 0.21 ± 0.09) and Como Mid B (0.27 
± 0.11). During summer and autumn, the highest proportions of swans observed 
feeding on the river were spread between the three areas (Figure 3.5). These 
results are similar to those observed in the spatial variations in the density of 
swans in the Lower Swan River estuary section.  
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Figure 3.5 Proportion of swan observed feeding at forty-five sites during four seasons (spring, 
summer, autumn and winter) on the Lower Swan estuary. Sites in red boxes were excluded from 
the analysis. Sites in blue boxes indicate significant differences among seasons and those shaded in 
yellow indicate significant differences among times of day (morning and afternoon) (Pair wise 
comparisons). Inserted graphs show differences in the proportion of swans observed feeding in 
each season. Letters above the columns on these graphs indicate which sites are different based on 
post-hoc comparisons. All data are means ± SE. 
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Table 3.11 Summary of PERMANOVA testing for differences in spatial (45 sites), temporal 
(inter-annual) (spring, summer, autumn and winter), and daily (morning and afternoon) variations 
in the proportion of swans observed feeding. 
 Sum of 
squares  
Df Mean 
Square 
F P 
Site 42637 29 1470.2 14.62 <0.01 
Season 3230.20 3 1076.7 10.71 <0.01 
Time of day 899.34 1 899.34 8.94 <0.01 
Site X Season 14565 87 167.41 1.66 <0.01 
Site X  Time of day 4913 29 169.41 1.68 0.01 
Season X  Time of day 351.13 3 117.04 1.16 0.32 
Site X  Season X  Time of day 8286.40 87 95.25 0.95 0.62 
Residual 95.25 960 100.55   
Total 100.55 1199    
 
3.4  Discussion  
 
Inter-annual variation in black swan abundance was observed on the Lower Swan 
River estuary, with triple the number of swans observed on the river during 
autumn compared to spring and intermediate numbers in summer and winter. The 
variability in swan abundance on the Lower Swan River estuary may be explained 
by movements of waterbirds to wetlands during spring and winter when they fill 
and away from these areas during summer and autumn when they begin to dry, as 
outlined in Chapter 2. After the main rainfall season in winter, wetlands that dry 
up over summer and autumn are likely to fill and more habitats become available 
for the black swan. So the minimum number of swans was observed on the river 
in spring, coinciding with the period of maximum water height in wetlands.   
 
These wetlands also provide suitable feeding and breeding habitats for the black 
swan which breeds generally in spring. These two factors result in the movement 
of birds from the river in winter and spring to surrounding wetlands (Storey et al. 
1993, Scott 1997, Chambers & Loyn 2006). The Lower Swan River estuary 
appears to provide a refuge and suitable foraging habitat for black swans during 
autumn when surrounding wetlands are dry. However, based on the habitat 
characteristics of the river and observations of the absence of cygnets during 
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spring, this area is not a suitable breeding habitat for the black swan, which 
accounts for the low numbers on the river at this time.   
 
Particular areas on the Lower Swan River estuary had high numbers of swans and 
high proportions of swans feeding, however, the particular time that peak 
abundance and grazing occurred varied, depending on the time of year (Table 
3.12). These areas will be referred to as swan hotspots hereafter. In autumn all 
hotspots had high numbers of swans. However in spring high numbers of swans 
occurred at Point Walter, while during summer, high numbers of swans only 
occurred at Point Walter and Alfred Cove. During winter only Alfred Cove and 
Como foreshore had high numbers of swans (Figure 3.6).  
 
Table 3.12 Hotspots for swan abundance and grazing on the Lower Swan River estuary during the 
four seasons (spring, summer, autumn and winter).   indicates a swan hotspot for the season &  
indicates a non swan hotspot for the season. 
 Season Point Walter Alfred Cove Como 
 
 Swan 
hotspot 
Number 
of 
swans 
(km2) 
Swan 
hotspot 
Number 
of 
swans 
(km2) 
Swan 
hotspot 
Number 
of 
swans 
(km2) 
Peak abundance  Spring  59 ± 9  13 ± 4  3 ± 1 
 
Summer  62 ± 12  59 ± 11  9 ± 3 
 
Autumn  70 ± 14  128 ± 
18 
 54 ± 4 
 
Winter  8 ± 2  65 ± 13  56 ± 9 
Peak feeding  Spring  26 ± 6  4 ± 1  3 ± 1 
 
Summer  29 ± 7  23 ± 6  4 ± 2 
 
Autumn  33 ± 10  63 ± 10  17 ± 8 
 
Winter  4 ± 2  36 ±  16 ± 8 
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Figure 3.6 Swan hotspots on the Lower Swan River estuary during spring and summer (orange), 
autumn (blue) and winter (green).  
 
Two of these areas, Alfred Cove and Como Foreshore are Marine Parks (Alfred 
Cove Marine Park & Milyu Marine Park) and have particular characteristics that 
could promote swan abundance. Based on the findings of this study, there are 
some key site and habitat characteristics that predict swan abundance. These 
include human disturbances (jetties and dogs), shoreline and submerged 
vegetation cover and condition and the slope of the area.  
 
These predictors are similar to findings of other studies including habitat, 
landscape and human disturbance characteristics (Burton et al. 2002, Bechet et al. 
2004, McKinney et al. 2006) that positively and negatively influence swan 
abundance. High numbers of swans were associated with sites that generally had 
good vegetation condition and a larger area of natural vegetation along the 
shoreline. These have been shown to be important factors influencing the 
distribution of waterfowl world-wide, as it protects them from predators and other 
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human disturbances when feeding and also breeding (Paracuellos & Telleria 2004, 
McKinney et al. 2006).  
 
Not only does the shoreline vegetation influence swan numbers but the submerged 
vegetation and structure of the bottom may influence them also. This is most 
likely related to the swans’ foraging behaviour and preference. Previous studies 
have shown that black swan abundance is affected by the amount and type of food 
present (Williams 1979, Congdon & McComb 1981, Mitchell & Wass 1996) and 
this study has shown that the amount, type and its distribution along a depth 
gradient is also important. The highest abundance of black swans were in areas 
with a gentle slope and a large cover of the seagrasses R. megacarpa and H. 
ovalis. The gentle slope may provide a larger shallow area for the black swan to 
feed (Marchant & Higgins 1990), as it can only feed in water depths less than 1m 
(Marchant & Higgins 1990, Mitchell & Wass 1995, 1996). In other studies, R. 
megacarpa has been documented as the preferred food source of the black swan 
(Williams 1979, Congdon & McComb 1981, Mitchell & Wass 1996), while on 
the Lower Swan River estuary Eklof et al. (2009) found the black swan consumed 
a significant amount of H. ovalis which had a higher nutritional value relative to 
R. megacarpa. 
 
Other human disturbances such as the presence of jetties and dogs negatively 
affected black swan abundance. Constructions on rivers and estuaries, such as 
jetties have been shown to reduce the local habitat quality for water birds and the 
carrying capacity of estuaries (Van den Bergh et al. 2005), by reducing the area 
available for feeding and breeding (Burton et al. 2002). In these areas there are 
also high levels of human activity such as the presence of dogs, which were also 
shown to negatively impact the abundance of black swans on the river. Previous 
studies have found increases in human disturbances such as ferries, boats, the 
presences of kite & wind surfers and increases in the number of walkers with dogs 
were significant factors reducing waterfowl abundance on the river (Creed & 
Bailey 2009).  
 
The black swan appears to have large inter-annual variation in abundance that 
corresponds with rainfall timing and breeding season. Fewer birds were seen on 
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the river during spring; times when smaller surrounding wetlands are most likely 
to be filled and when swans breed. At this time birds are likely to use the 
permanent water body of the Lower Swan River estuary as a refuge, during the 
drier months particularly autumn. This chapter has shown that the abundance of 
the study species, the black swan, and the amount of grazing varies over a year 
within the Lower Swan River estuary, and also at locations within the estuary. 
The next chapter will examine the grazing interaction between black swans and 
seagrass, particularly how the plant responds to grazing at different times of year.  
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4. Vegetative and sexual reproductive response of Halophila 
ovalis to black swan grazing.  
  
4.1  Introduction 
 
Waterfowl, including ducks, coots, geese and swans are often considered 
significant seagrass grazers in coastal lagoons and estuaries (Powell et al. 1991).  
In the northern hemisphere, temporal variation in grazing pressure on estuaries 
and larger water bodies often corresponds with changes in waterfowl abundance; 
consumption is typically greater in autumn and winter, during their migration 
south (Jacobs et al. 1981, Nienhuis & Groenendijk 1986, Baldwin & Lovvorn 
1994). These studies conducted in the northern hemisphere suggested waterfowl 
can consume between 7.5-26% of daily seagrass production during autumn and 
winter (Jacobs et al. 1981, Nienhuis & Groenendijk 1986). However, in the 
southern hemisphere there have been very few studies focusing on waterbird 
grazing. Of those studies most have focused on one of the larger waterfowl, the 
black swan. It has been observed to consume 104g DW swan-1 d-1 in New Zealand 
(Mitchell & Wass 1995), while in the Lower Swan River estuary10-15 black 
swans were shown to consume around 23% of daily seagrass production (Eklof et 
al. 2009). This study was conducted during autumn, so little is known whether 
swan grazing pressure varies temporally and whether seagrasses have traits, 
allowing them to cope with grazing. Based on the findings in chapter 3 it is likely 
the grazing pressure (removal of seagrass material) will vary temporally as the 
number of swans feeding varies through the year.  
 
Similar to other angiosperms, seagrasses have evolved a number of traits allowing 
them to cope with natural levels of grazing (Hauxwell et al. 2004). These traits 
have been characterised into a number of strategies, including escape, defence and 
tolerance (Agrawal 2000). As discussed in the introduction, the tolerance strategy 
is the focus of this study as H. ovalis, the dominant seagrass in the Lower Swan 
River estuary, is known to show responses to grazing that correspond with this 
strategy (Nakaoka & Aioi 1999, Kuiper-Linley et al. 2007, Eklof et al. 2009). A 
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tolerance strategy allows plants to survive, regrow and reproduce after damage is 
sustained (Agrawal 2000). Seagrasses do this through a number of key traits, 
including the activation of dormant meristems, utilisation of stored reserves 
(Nakaoka & Aioi 1999, Kuiper-Linley et al. 2007, Eklof et al. 2009) and possibly, 
changes in the sexual reproduction after grazing (Conacher et al. 1994, Peterken 
& Conacher 1997). The expression of these traits results in re-growth, so grazed 
plants return to a similar biomass as non-grazed plants, or have increased growth 
and production following grazing.  
 
Based on a literature review of studies on seagrasses that examined responses to 
grazing, only five out of thirteen demonstrated the expression of traits associated 
with the tolerance strategy (Table 4.1). None of these studies was conducted at 
different times of year. Although four studies measured seagrass response to 
grazing at different times of year and two showed contrasting patterns in 
productivity, these did not directly asses tolerance traits (Table 4.1). This 
highlights the lack of knowledge of whether tolerance traits in seagrasses vary at 
different times of year.   
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Table 4.1 Studies looking at seagrass response to grazing. Bold lettering represents studies 
measuring seagrass response at different times of year. Italic lettering represent studies measuring 
tolerance traits in seagrasses.  
Location  Seagrass type Findings Season study was 
conducted 
Reference  
Indonesia Halodule univervis Increase in below 
ground biomass  
- (De Iongh et al. 2007) 
Australia  Halophila ovalis  Increase branching 
frequency & initiated 
apices  
Summer  (Eklof et al. 2009) 
Bermuda Thalassia testudinum Decrease in primary 
production & soluble 
carbohydrates  
Autumn  (Fourqurean et al. 
2010) 
Australia  Halophila ovalis 
Zostera capricorni 
Cymodocea 
serrulata. 
H. ovalis – increase 
leaf regrowth rate 
Z. capricorni and C. 
serrulata - leaf 
biomass decreased  
C. serrulata – reduced 
leaf size  
Summer (Kuiper-Linley et al. 
2007) 
USA Thalassia testudinum Winter – decrease  
shoot density and 
productivity 
Summer - increases in 
productivity 
Summer & winter  (Macia 2000) 
Bahamas Thalassia testudinum Summer & winter – 
increase linear growth  
Summer & winter (Moran & Bjorndal 
2005) 
Thailand Halophila ovalis  Increased branching & 
rhizome elongation 
Autumn  (Nakaoka & Aioi 
1999) 
USA  Thalassia testudinum Increase in short 
shoots  
Spring & summer  (Valentine et al. 
1997) 
USA Thalassia testudinum Spring – decrease in 
productivity  
Summer - increase in 
productivity 
Spring & summer (Valentine et al. 
2000) 
USA Zostera 
marina L. 
Decrease in Growth 
rates, carbon reserves, 
root proliferation 
and net photosynthesis 
Winter  (Zimmerman et al. 
1996) 
Zanzibar, Tanzania  Thalassia hemprichii Decrease in growth 
rate and sugar and 
starch content  
Spring  (Eklof et al. 2008) 
India  Cynodocea rotundata  
Thalassia hemprichii  
Increase in the number 
of leaves per shoot  
Summer (Lal et al. 2010) 
Puerto Rico Thalassia testudinum Decreased biomass 
and shoot density  
Spring  (Olsen & Valiela 
2010) 
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In  H. ovalis, dormant meristems are activated by grazing, changing the growth 
trajectories of the plant and stimulating replacement of some or all of the tissue 
removed by grazing (Kuiper-Linley et al. 2007, Eklof et al. 2009). These growth 
changes may be the result of the utilisation of stored reserves, where seagrasses 
typically use carbohydrate stores in the underground rhizome to promote new 
growth and in some cases, to promote regrowth after damage (Cebrian et al. 1998, 
De Iongh et al. 2007, Fourqurean et al. 2010).  
 
Recently a number of terrestrial studies have shown environmental factors can 
mediate the response of plants to grazing (temperature, light and nutrient levels) 
by influencing the carbohydrate supplies and the expression of tolerance traits 
(Whitman et al. 1991, Hawkes & Sullivan 2001, Bagchi & Ritchie 2011). There is 
good reason to hypothesise that the capacity of seagrasses to tolerate grazing will 
vary throughout the year. Two studies have shown that productivity declines 
following grazing in spring or winter but increases following grazing in summer 
(Macia 2000, Valentine et al. 2000). As environmental conditions change over a 
year, the seagrass dynamics change. During spring and into summer, light 
conditions and water temperatures gradually increase, leading to increases in 
growth and production (Moncreiff et al. 1992, Perez & Romero 1992, Hillman et 
al. 1995) and increased carbohydrate stores (Alcoverro et al. 2001). During 
winter, low light conditions and water temperatures slow growth and production 
(Moncreiff et al. 1992, Perez & Romero 1992, Hillman et al. 1995) and there are 
often lower carbohydrate stores (Alcoverro et al. 2001).  Therefore, when 
environmental conditions are limiting, growth and carbohydrates are lower and 
the plants may not be able to respond to grazing if that response depends on 
storage reserves.  
 
Plants cannot only respond to grazing through vegetative growth responses but 
also through changes in sexual reproduction. These changes can be considered a 
strategy of tolerance. These traits were not included in the Tiffin (2000) summary 
paper, but other studies in terrestrial plants have observed an increase in sexual 
reproduction after grazing (Whitman et al. 1991, Lazo et al. 1994, Quiroga et al. 
2010) by increasing flowering intensity and fruit production (Whitman et al. 1991, 
Forbs et al. 1997). Other studies, however, have suggested a decrease in sexual 
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reproduction after grazing (Hickman & Hartnett 2002, Varga et al. 2009, Lal et al. 
2010). Little is known of these responses in seagrasses. A few studies have 
suggested a positive relationship between seagrass flowering and dugong grazing 
(Conacher et al. 1994, Peterken & Conacher 1997) and others have suggested an 
increase in flowering after physical disturbance (Phillips et al. 1983, Alexandre et 
al. 2005, Hammerstrom et al. 2006). In some cases there is a negative effect of 
grazing on flower production (Lal et al. 2010).  
 
Not only can grazing affect sexual reproduction but it can also affect the sex ratio 
of populations. There are several hypotheses for why sex ratios can change as a 
result of grazing. In some plant species, females usually expend more resources 
into reproduction than males because additional energy is required to produce 
fruits and seeds (Delph 2011, Viejo et al. 2011), resulting in two separate 
outcomes. The greater investment in reproduction by females could potentially 
result in less investment in vegetative growth. Therefore, they may have a lower 
nutritional quality than males, so the larger male plants become a more attractive 
food source for grazers (Cornelissen & Stiling 2005). This results in male-biased 
grazing, resulting in more females relative to males (Cornelissen & Stiling 2005). 
The second hypothesis is that grazing results in male dominance (Quinn 1998). 
The greater investment in reproduction by females could result in less investment 
in vegetative growth than males, so overtime the proportion of male plants will 
increase as plants lose biomass and energy when grazed and males may have the 
capacity to recover faster (Pickering & Hill 2002, Delph 2011, Viejo et al. 2011). 
 
Three important knowledge gaps will be assessed in this chapter. Surveys showed 
seasonal variation in the abundance of feeding swans, with peak abundance in 
autumn (Chapter 3). However, it is not clear if this results in any difference in 
grazing pressure on seagrasses. Secondly, the study species H. ovalis has a 
number of traits that allow it to tolerate grazing. However, it is not known if the 
response to grazing is dependant on the time of year, particularly during winter, 
when light limitation, low water temperatures and potentially lower carbohydrate 
concentrations could limit the capacity of seagrasses to tolerate grazing.  
Thirdly, sexual reproduction could also respond to grazing, but this has rarely 
been tested in seagrasses. Therefore, the three aims are: 
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1. Determine whether there are temporal variations in black swan grazing 
pressure on the Lower Swan River estuary;   
2. Identify detectable growth responses in H. ovalis after grazing  and 
determine whether this varies temporally; and  
3. Investigate the impact of grazing on the reproductive capacity of H. ovalis, 
specifically flowering, fruit production, seed production, and sex ratios.  
 
4.2  Methods 
 
4.2.1 Temporal variation in swan grazing pressure  
 
Site selection  
 
To determine if there was temporal (inter-annual) variation in swan grazing 
pressure on the Lower Swan River estuary, a 14 day experiment was conducted to 
determine how much seagrass was consumed by black swans. The experiment 
was conducted at three sites with a high abundance of swans in each season 
(spring, summer, autumn and winter). These sites were a subset of those sampled 
for the ‘associations between swan abundance and site characteristics’ study (see 
section 3.3.3). As the aim of the study was to determine the maximum grazing 
pressure exerted by swans and whether this varied seasonally, only the high 
abundance sites were selected (Table 4.2). Therefore, different sites were used in 
each season.  
 
Table 4.2 Table of three sites used for habitat characterisation study during the four seasons 
(spring, summer, autumn and winter). 
Season 
 Spring Summer Autumn Winter 
 
Site  Point Walter 
South 
Point Walter 
South 
Point Walter South Troy Park 
Freshwater Bay A Freshwater Bay A Freshwater Bay A Como Mid B 
Burke Drive East 
B 
Burke Drive East 
B 
Burke Drive East 
B 
Burke Drive East 
B 
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Observational study 
 
The ‘grazing pressure’ experiment was conducted over 14 days in each season 
(spring – November, summer – February, autumn – May & winter - August).  At 
each site, grazing pressure was measured using five 22m plots which were 
randomly located in a 4040m patch of seagrass meadow where swans actively 
graze, following the methods of Eklof et al. (2009).  All plots were in water 
depths of up to 1m. The quadrat location was marked with four marker pegs so 
that it could be re-located at the same position on the repeat survey. To map the 
initial grazing scars, the plot was divided into four 1 x1 m quadrants and each 
quadrant sub-divided into 10 x 10 cm squares.  A diver then mapped the location 
and size of the grazing scars in each square to provide an estimate of total area 
grazed (to the nearest 0.1% of the plot). A grazing scar was classified as an empty 
patch of seagrass with torn pieces of rhizome and leaves in the patch (Figure 4.1).  
 
 
Figure 4.1 Image of a swan grazing scar showing an empty patch of seagrass with torn pieces of 
rhizome and leaves. 
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After 14 days the plots were revisited and the area of all new grazing scars were 
measured. Seagrass biomass was sampled inside and outside the grazing scars in 
each plot using a corer (i.d.10.5cm, depth=10cm). Core samples were processed to 
count the number of apice m-2, providing an indication of the potential for growth 
in the plot. After, all plant material was dried for 24 hours at a temperature of 
60C. After drying the plant material was weighed to determine the difference in 
seagrass biomass outside and inside grazing scars, indicating how much biomass 
was removed by grazing.         
 
Seagrass production was estimated by tagging 20 apices of H. ovalis (using plastic 
coated garden wire) at each site (Dennison 1985) at the beginning of the 14 day 
period. After 14 days, the marked apices with new production were collected and 
returned to the laboratory for processing. The new tissue produced from the 
tagged plants was dried for 24 hours at a temperature of 60C and weighed. Areal 
seagrass production (g DW m-2 d-1) was then calculated by multiplying the weight 
of new tissue per apex (g DW apice-1 d-1) by the density of the apices (apices m-2). 
The total biomass removed by grazing (g DW m-2 d-1) was estimated by the 
difference in biomass (g DW m-2) between ungrazed and newly grazed areas in 
each plot, multiplied by the total area grazed (m2) in each plot, then divided by the 
number of days. Finally the proportion of daily production removed (% of growth 
day-1) removed by grazing was calculated by dividing the biomass removed (g 
DW m -2 d-1) by total production (g DW m -2 d-1).  
 
Data analysis  
 
To test for temporal (inter-annual) variations in swan grazing pressure on the 
Lower Swan River estuary, surface area grazed (% day-1), biomass of H. ovalis 
removed (g DW m-2 day-1), total seagrass production (g DW m-2 day-1) and 
production removed (% of daily production) were compared using one-way nested 
ANOVA’s, with temporal variation treated as a fixed factor nested in site. 
Statistical analyses were performed using GMAV (Underwood & Chapman. 
1997).  
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4.2.2 Temporal variation in the vegetative response of H. ovalis to black swan 
grazing    
 
In order to investigate the response of H. ovalis to black swan grazing, both 
observational and manipulative studies were undertaken, measuring both 
vegetative growth and sexual reproduction. The timescales were different for 
vegetative response vs sexual reproductive response due to the sexual 
reproductive patterns of H. ovalis. Vegetative growth was measured four times 
during the year to investigate temporal variation, while sexual reproduction was 
only measured during and summer and autumn, the period of flowering and 
fruiting in H. ovalis in the Lower Swan River estuary (Hillman et al. 1995).  
 
Approach 
 
Two approaches were used to test for any effect of grazing intensity on growth 
characteristics of H. ovalis: an observational study of growth characteristics at 
sites of differing natural grazing intensity and a simulated grazing experiment.  
These two approaches are described separately below. 
 
Observational (correlative) study 
 
An observational study was undertaken to determine if there was an association 
between growth characteristics of the seagrass H .ovalis and grazing intensity, and 
whether this differed inter-annually. The study was repeated four times: spring 
(10/11/2009-24/11/2009), summer (4/2/2010-18/2/2010), autumn (1/4/2010-
14/4/2010) and winter (8/7/2010-22/7/2010) at nine sites across a natural grazing 
intensity gradient. These nine sites were the same sites used for the ‘associations 
between swan abundance and site characteristics’ study (see section 3.3.3) and 
captured the range of grazing pressures occurring in the Lower Swan River 
estuary.  
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Growth measures 
 
At each site and time, vegetative growth was measured using rhizome tagging as 
described above, with 20 individuals tagged at each site. The tags were left for 13-
16 days after which all tagged plants were collected. The tagged plants were 
traced forward to find the new apical meristem and all new growth was collected, 
including, roots, rhizome and leaves. All material was brought back to the 
laboratory and stored in a freezer until processing. Based on the new growth over 
the tagging period, the number of nodes, initiated apices (no internodes produced) 
and newly produced branches (containing at least one and a maximum of three 
internodes) were counted from the rhizome, the number of new leaf pairs formed 
and the rhizome length was measured. From these measurements, five variables 
were calculated: rhizome extension rate (cm day-1); leaf production rate (leaf pair 
day-1); branching frequency (number of branches/ nodes); initiated apices 
(initiated apices/nodes); and apice productivity (g DW apice-1 d-1). Apice 
productivity was estimated by first removing all algae on the seagrass then drying 
it for 24 hours at a temperature of 60 C and the dried material was weighed. 
Production was estimated from the dry weight of new production (g DW apice-1) 
divided by the number of days the experiment took place. 
 
Data analysis 
 
To assess if there was a relationship between swan grazing (density of swans 
observed grazing (km-2) at each site) and H. ovalis vegetative growth, each growth 
variable was correlated (simple linear regression) against density of grazing swans 
for each time, using SPSS (SPSS 2008). The variable ‘density of swans observed 
grazing’ was an average of all observations at the site within each season (i.e. 
n=10), as described in section 3.3.1.  
    
Simulated grazing experiment  
 
Changes in growth measured in the correlative study may be due to a variety of 
factors, not just grazing.  The experimental study manipulated just one factor to 
test the effect of grazing on growth patterns.  
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In order to detect any growth responses in H. ovalis after grazing and to test if this 
response varied temporally (inter-annually), a simulated grazing experiment was 
undertaken over 21 days in summer (January) and in winter (June). These times 
were chosen as peak growth of the seagrass H. ovalis occurs in summer in the 
Lower Swan River estuary and minimal growth in winter (Hillman et al. 1995). At 
these times, light limitation, low water temperatures and potentially lower 
carbohydrate concentrations could limit the capacity of seagrasses to tolerate 
grazing. One type of grazing was simulated - repeated rhizome grazing.  While 
black swans are known to perform two types of grazing (‘rhizome’ and ‘mowing’) 
(Eklof et al. 2009), rhizome grazing is the most common and was the only grazing 
type to induce a response from H. ovalis in earlier studies (Eklof et al. 2009).  
The experiment was conducted at Bishop Road (Figure 4.2, 3200’12.73, 
11547’28.32), an area where little swan grazing or human activity has been 
observed. Therefore, the findings give an indication of how ungrazed H. ovalis 
meadows respond to grazing and not how pre-grazed meadows, which may have 
adapted to this selective pressure, respond to additional grazing.   
 
 
Figure 4.2 Location of the sites used for growth and reproductive experiment.  
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The grazing treatment (repeated rhizome grazing) was applied to six replicate 
plots.  An additional six plots were established as controls and were similar to the 
treatment plots in all respects but were not subjected to simulated grazing. Each 
plot was 1x1m and the treatments were randomly assigned. Plots were located at 
depths ranging between 0.5-1m to ensure factors such as light were consistent, 
and that it is ecologically relevant as this is the depth in which swans can graze. 
Furthermore, Hillman et al. (1995) showed that most H. ovalis in the Swan River 
estuary lies in the depth range of 0-1m. Since seagrasses have the potential to 
translocate energy stores through their rhizomes, it was important to ensure the 
plots were physiologically independent.  Consequently, plots were placed 1m 
apart as previous studies have shown this is an adequate distance to ensure there is 
no translocation of resources between grazing treatments (Marba et al. 2002). 
Grazing was simulated at the start of the experiment by cutting rhizomes with a 
corer (i.d. 4.0cm, depth=10cm), four times in each 1x1m plot, on three separate 
occasions within the first week. This simulated repeated rhizome grazing and 
removed approximately 12 % of the surface area, as previous studies have 
indicated this grazing pressure can induce a vegetative response (Eklof et al. 
2009). Once the simulated rhizome grazing was completed, 4 randomly selected 
apices within the plot were tagged using plastic coated garden wire for growth 
measures as described above. The plots were left for 21days and were not exposed 
to any more grazing, then the tagged plants were traced forward to find the new 
apical meristem and the entire new growth, including roots, rhizome and leaves 
were collected. All material was treated as described in the observational study 
and the same variables calculated. 
 
Data analysis   
 
A two-way ANOVA was used to test for significant effects of simulated grazing 
and time of year (fixed factors) on each of the five growth variables using GMAV 
(Underwood & Chapman. 1997). All data was tested for conformity with the 
assumptions of homogeneity of variance and normality; data failing to meet these 
assumptions were log transformed and all proportion data were arc-sin 
transformed (Quinn & Keough 2002). Post-hoc tests were performed by the 
Student-Newman Keuls (SNK) test.  
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4.2.3 Sexual reproductive response of H. ovalis to black swan grazing 
 
Approach 
 
Two approaches were used to test for any effect of grazing intensity on sexual 
reproductive characteristics of H. ovalis: an observational study of sexual 
reproductive characteristics at sites of differing natural grazing intensity and a 
simulated grazing experiment.  These two approaches are described separately 
below. 
 
Observational (correlative) study 
 
In order to assess if there was a relationship between grazing intensity and sexual 
reproductive characteristics of the seagrass H. ovalis, an observational study was 
undertaken similar to that undertaken for ‘associations between vegetative growth 
and grazing’ (Section 4.3.2). The reproductive study was only carried out at one 
time of year, as flowering and fruiting has only been observed initiating in spring 
and continuing through summer. At each site (Table 3.3) twenty (i.d.10.5cm, 
depth=10cm) cores were collected in summer (January) for flowering intensity 
and sex ratio measures and autumn (March) for fruiting intensity and seed 
production. These times were chosen as January is the peak flowering period for 
H. ovalis in the Lower Swan River estuary, while March is the time of peak 
fruiting and seed production (Hillman et al. 1995). The material was frozen until 
processing in the laboratory where the number of flowers (male and female), 
fruits, nodes and seeds per fruit were counted in each sample. Male flowers were 
counted if they were at any stage from the initiation phase through to a flower 
with a stalk and empty pollen sacs. Female flowers were counted through their 
development from the initiation phase through to the mature stage with extended 
styles. Once the styles were broken and blackened at the tips, it was no longer 
defined as a female flower, but a fruit.  
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Flowering intensity was calculated as: 
100x
TotalNodes
TFTMFI
+
=  
Where F1 = flowering intensity, TM = total number of male flowers and TF = total 
number of female flowers. 
 
Fruiting intensity was calculated as:  
1002 xTotalNodes
TFrF =  
Where F2 = fruiting intensity and TFr = total number of fruits. 
 
Seed production was calculated as: 
TFr
TotalSeedsS I =  
Where S1 = seed production and TFr = total number of fruits. 
 
Sex Ratio was calculated as:  
)( TFTM
TMS I +
=  
Where S1 = Sex ratio, TM = total number of male flowers and TF = total number 
of female flowers. 
 
Sex ratios are commonly calculated based on the proportion of males to females in 
offspring or have also been calculated based on the number of male to female 
individuals in an adult population (de Jong & Klinkhamer 2002).  
 
Data analysis   
 
To determine whether there was a relationship between swan grazing intensity and 
sexual reproductive characteristics of H. ovalis simple linear regressions were 
performed for each reproductive characteristic (flowering intensity, sex ratio, 
fruiting intensity and seed production) against the density of swans observed 
grazing (km2), as described in section 3.3.1, using SPSS (SPSS 2008). Flowering 
intensity and sex ratio results were taken from the January collection while seed 
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production and fruiting intensity were taken from the March collection. For 
flowering intensity and sex ratio calculations, the density of swans observed 
grazing was averaged from the start of the survey period 13/9/2009 through to the 
point of sample collection in January (12/1/2010). For the fruiting intensity and 
seed production calculations, swan grazing densities were averaged from the start 
of the survey period through to the point of collection in March (18/3/2010). 
Irrespective of the time period, ‘density of swans observed grazing’ was an 
average of all observations at the site in each season (i.e. average of the 5 morning 
and 5 evening observations), as described in section 3.3.1. 
 
Simulated grazing experiment  
  
To determine if sexual reproduction is affected by grazing, a simulated grazing 
experiment was carried out between October 2009 and March 2010. The 
flowering period of H. ovalis in the Lower Swan River estuary starts in 
November/ December (Hillman et al. 1995), therefore simulated grazing needed 
to be initiated before flowering started in November (Hillman et al. 1995). Plants 
were collected during January, as this is the time of peak flowering and also 
March, as this is the time of peak seed production (Hillman et al. 1995). Due to 
the rapid growth rates and turnover of plants, grazing was repeated through-out 
the experiment every two weeks to ensure a continual grazing pressure was 
exerted on the plants.  
 
This experiment was conducted at Iris Road on the Lower Swan River estuary 
(Figure 4.2, 3200’12.26, 11547’59.63). This site was chosen for the reasons 
described in the growth response manipulation study. Seagrass plots were located 
randomly at depths ranging between 0-1m to ensure factors such as light were as 
similar as possible. The depth of 0-1m was chosen as previous studies have shown 
swans usually graze up to a depth of 1m (Marchant & Higgins 1990).  
 
Six replicate plots (2 x 2 m) were randomly assigned to the simulated grazing 
treatment and six to controls. Treatment plots received repeated, simulated 
rhizome grazing. The rhizomes were cut using a corer (i.d. 4.0 cm, depth=10cm) 
and coring areas of seagrass in each 2 x 2m plot 27 times, approximately 6 % of 
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the surface area, every two weeks for the duration of the experiment. Control plots 
were treated identically to treatment plots but were not subjected to the simulated 
grazing.  During January and March five cores (i.d. 10.5 cm, depth=10cm) were 
taken in each plot and the samples sieved, frozen and brought back to the 
laboratory to be stored until being analysed. In each of the treatments 4 variables 
were measured: the flowering intensity, sex ratio, fruiting intensity and seed 
production.  
 
Data analysis   
 
An independent sample T-test was used to test for significant effects of simulated 
grazing on each of the four reproduction variables. All data were tested for 
conformity with the assumptions of homogeneity of variance and normality, data 
failing to meet these assumptions were log transformed and proportion data were 
arc-sin transformed as per, Quinn & Keough (2002). Data were analysed using 
SPSS (SPSS 2008).   
 
4.3  Results 
 
4.3.1 Swan grazing pressure  
 
Surface area grazed (% day-1)  
 
There were significant differences in the surface area grazed (% day-1) between 
different times of year and sites nested within times of year (Table 4.3, p.0<0.05). 
Autumn had a significantly higher percentage of surface area grazed (0.81 ± 0.08 
% day-1) compared to summer, spring and winter (0.64 ± 0.07; 0.28 ± 0.03 & 0.28 
± 0.03 %, day-1 respectively). There were significant differences among sites in 
spring, summer and autumn but not in winter. Cunningham Street had the highest 
surface area grazed during autumn (1.06 ± .05 % day-1), while Freshwater Bay A 
had the least during spring (0.14 ± 0.02 % day-1) (Figure 4.3, Table 7.2).   
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Figure 4.3  Seasonal (spring, summer, autumn and winter) seagrass (H. ovalis) production and 
swan grazing parameters for the Lower Swan River estuary: (a) surface area grazed, (b) biomass 
removed by swan grazing, (c) total seagrass production, (d) percentage of production removed by 
swans. Two-way nested ANOVA comparing site (letters in columns) and season (letters on top of 
columns). All data are means ± SE.  
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Table 4.3 Summary of nested ANOVA results for the surface area grazed (% day-1) of H.ovalis by 
swans during different seasons (spring, summer, autumn and winter) and sites (three per season) 
on the Lower Swan River estuary.   
 Sum of 
squares 
Df Mean Square  F P 
Season 50.21 3 16.74 6.63 0.01 
Site within season 20.20 8 2.52 4.15 <0.01 
Residual 29.23 48 0.61   
Total 99,63 59    
 
Biomass of H. ovalis removed (g DW m-2 day-1) 
 
There were significant differences in the biomass removed of H. ovalis (g DW m-2 
day-1) among seasons and sites within seasons (Table 4.4, p.0<0.05). Autumn and 
summer (3.02 ± 0.33 & 2.58 ± 0.84 g DW m-2 day-1) had significantly more 
biomass removed than winter (0.44 ± 0.17g DW m-2 day-1). The biomass removed 
during spring (1.05 ± 0.20 g DW m-2 day-1) was not significantly different to that 
in the other seasons. There were also significant differences among sites in spring 
and summer; however, there were no significant differences between sites in 
autumn or winter. Point Walter South had the greatest biomass removed (4.25 ± 
0.40 g DW m-2 day-1) during summer. Como Mid B had the lowest biomass 
removed (0.57 ± 0.21 g DW m-2 day-1) during winter (Figure 4.3, Table 7.2).   
 
Table 4.4 Summary of nested ANOVA results for the biomass removed of H. ovalis (g DW m-2 
day-1) by swans during different seasons (spring, summer, autumn and winter) and sites (three per 
season) on the Lower Swan River estuary.  
 Sum of 
squares 
Df Mean 
Square  
F P 
Season 25.23 3 8.42 9.83 <0.01 
Site within season 6.85 8 0.86 2.92 0.01 
Residual 14.06 48 0.29   
Total 46.15 59    
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Total seagrass production (g DW m-2 day-1) 
 
There were significant differences in the total seagrass production (g DW m-2 day-
1) between different times of year (p.0<0.05). However, there was no significant 
differences at sites within seasons (Table 4.5, p>0.05). Peak production was 
observed across all sites in summer and autumn (15 ± 1.18 & 14.56 ± 1.89 g DW 
m
-2
 day-1), while the minimum production was observed across all sites in winter 
(5.68 ± 0.55 g DW m-2 day-1). There was no difference between sites in any 
season (Figure 4.3, Table 7.2). 
 
Table 4.5 Summary of nested ANOVA results for the total seagrass production of H. ovalis (g 
DW m-2 day-1) during different seasons (spring, summer, autumn and winter) and sites (three per 
season) on the Lower Swan River estuary. 
 Sum of 
squares 
Df Mean 
Square  
F P 
Season 8.44 3 2.81 21.37 <0.01 
Site within season   1.05 8 0.13 0.55 0.81 
Residual 11.49 48 0.24   
Total 20.99 59    
 
Production removed (% of daily production) 
 
There was no significant effect of time of year on the proportion of H. ovalis 
production removed by grazing (% of daily production).  However there were 
significant differences among sites within seasons (Table 4.6, p>0.05), in all four 
seasons. The highest estimated removal of production was at Point Walter South 
(27.71 ± 2.91%) during summer while, Freshwater Bay A had the lowest 
production removed (8.1 ± 1.28%), during spring (Figure 4.3, Table 7.2).   
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Table 4.6 Summary of nested ANOVA results for the production removed (% of daily production) 
of H.ovalis by swans during different seasons (spring, summer, autumn and winter) and sites (three 
per season) on the Lower Swan River estuary. 
 
 Sum of 
squares 
Df Mean 
Square  
F P 
Season 335.25 3 111.75 0.72 0.57 
Site within season 1237.39 8 154.68 9.32 <0.01 
Residual 796.63 48 16.60   
Total 2369.27 59    
 
4.3.2 Temporal variation in growth characteristics across a natural gradient of 
grazing  
 
There were significant linear relationships between the density of grazing swans 
and three growth characteristics of H. ovalis (seagrass productivity, leaf 
production rate and number of initiated apices). However, the nature of these 
associations was dependent on the time of year (Table 4.7, Figure 4.4). In 
summer, seagrass productivity was higher at sites with greater densities of grazing 
swans, but in winter the pattern was reversed with productivity being lower at 
sites with greater densities of grazing swans. However, although statistically 
significant the relationship was weak in summer (4%) and moderate in winter 
(33%). Therefore there are likely to be other factors affecting seagrass production, 
not just grazing. In spring and autumn there was no significant relationship 
between grazing swan density and productivity. 
 
Leaf production rate had a positive linear relationship with the density of grazing 
swans, but only occurred in spring. During this time there was also a decrease in 
initiated apices with greater densities of grazing swans. However, although 
statistically significant these were weak relationships (7 & 8%). Therefore there 
are likely to be other factors affecting leaf production and initiated apices, not just 
grazing.  No other variables had any significant linear relationships with swan 
grazing density. 
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Figure 4.4 Simple linear regressions comparing grazing swan density (km2) with five different 
growth characteristics: (a) rhizome extension rate, (b) leaf production rate, (c) initiated apices, (d) 
branching frequency and (e) apical productivity of H. ovalis on the Lower Swan River estuary in 
four different seasons (spring, summer, autumn and winter). 
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Table 4.7 Simple linear regression results comparing swan grazing density and five different 
growth characteristics (rhizome extension rate, leaf production rate, initiated apices, branching 
frequency and apical productivity) of H. ovalis on the Lower Swan River estuary in four different 
seasons (spring, summer, autumn and winter). *Note regression equations at bottom of table. 
Season & variable  Df B SE R2 P 
Spring       
Rhizome extension rate 105 -0.00 0.00 0.01 0.46 
Leaf production rate 105 66.36 24.24 0.07 0.01 
Initiated apices 105 -15.32 5.29 0.08 0.01 
Branching frequency 105 4.13 6.72 0.00 0.54 
Productivity  105 48.61 30.79 0.02 0.12 
Summer       
Rhizome extension rate 126 2.26 10.27 0.00 0.83 
Leaf production rate 126 13.83 20.14 0.00 0.49 
Initiated apices 126 -2.56 6.40 0.00 0.69 
Branching frequency 126 2.37 1.50 0.02 0.12 
Productivity  126 48.55 20.65 0.04 0.02 
Autumn      
Rhizome extension rate 122 -0.40 14.66 0.00 0.98 
Leaf production rate 122 1.75 45.02 0.00 0.97 
Initiated apices 122 14.05 9.16 0.01 0.13 
Branching frequency 122 15.14 8.94 0.02 0.09 
Productivity  122 36.94 27.06 0.02 0.18 
Winter      
Rhizome extension rate 128 -22.57 18.34 0.01 0.22 
Leaf production rate 128 -23.87 50.22 0.00 0.64 
Initiated apices 128 10.83 7.98 0.01 0.18 
Branching frequency 128 4.37 8.77 0.00 0.62 
Productivity  128 5.12 0.64 0.33 <0.01 
Regression equations  
Spring  
Rhizome extension rate - Swan abundance predicted = 0.56 - 0.001 (rhizome extension rate).  
Leaf production rate - Swan abundance predicted = -0.31 + 66.36 (leaf production rate). 
Initiated apices - Swan abundance predicted = 19.23 - 15.32 (initiated apices). 
Branching frequency - Swan abundance predicted = 10.78 + 4.14 (branching frequency). 
Productivity - Swan abundance predicted = 7.55 + 48.61 (productivity). 
 
Summer  
Rhizome extension rate - Swan abundance predicted = 12.47 + 2.26 (rhizome extension rate).  
Leaf production rate - Swan abundance predicted = 9.60 + 13.83 (leaf production rate). 
Initiated apices - Swan abundance predicted = 14.64 - 2.56 (initiated apices). 
Branching frequency - Swan abundance predicted = 12.69 + 2.37 (branching frequency). 
Productivity - Swan abundance predicted = 6.84 + 48.55 (productivity). 
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Autumn  
Rhizome extension rate - Swan abundance predicted = 23.88 - 0.40 (rhizome extension rate).  
Leaf production rate - Swan abundance predicted = 23.28 + 1.75 (leaf production rate). 
Initiated apices - Swan abundance predicted = 19.27 + 14.05 (initiated apices). 
Branching frequency - Swan abundance predicted = 18.89 + 15.14 (branching frequency). 
Productivity - Swan abundance predicted = 18.43 + 36.94 (productivity). 
 
Winter  
Rhizome extension rate - Swan abundance predicted = 24.65 - 22.57 (rhizome extension rate).  
Leaf production rate - Swan abundance predicted = 22.50 - 23.87 (leaf production rate). 
Initiated apices - Swan abundance predicted = 13.90 + 10.83 (initiated apices). 
Branching frequency - Swan abundance predicted = 16.52 + 4.37 (branching frequency). 
Productivity - Swan abundance predicted = 5.66 + 5.12 (productivity). 
 
4.3.3 Growth response to simulated grazing    
 
There was a significant effect of simulated grazing on the branching frequency of 
H. ovalis, but this was dependent on the time of year (S x G: p<0.05). It resulted 
in more branching (branches/nodes) during summer (0.58 ± 0.02 vs 0.18 ± 0.05) 
but significantly lower branching (0.08 ± 0.04 vs 0.34 ± 0.06) in winter (Table 
4.8, Figure 4.5). 
 
Grazing had no significant effect on any of the other growth parameters measured 
in the experiment, though there was a significant effect of time of year on some 
variables. During summer, the rhizome extension rate (cm day-1, 0.62 ± 0.06 vs 
0.34 ± 0.03), leaf production rate (leaf pairs formed day-1, 0.28 ± 0.02 vs 0.21 ± 
0.01) and productivity (g DW apex day-1, 0.16 ± 0.02 vs 0.07 ± 0.01) were 
significantly higher compared to winter (Table 4.8, S: p<0.05, Figure 4.5). 
 
There was no significant difference in the number of initiated apices (initiated 
apices/nodes) of H. ovalis when subjected to simulated grazing or at different 
times of the year (Table 4.8, Figure 4.5). 
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Figure 4.5 Growth characteristics: (a) rhizome extension rate, (b) leaf production rate, (c) initiated 
apices, (d) branching frequency and (e) apical productivity of H. ovalis with and without exposure 
to simulated grazing at two times of year (summer and winter) on the Lower Swan River estuary.  
Letters above columns indicate which treatments are different based on post-hoc comparisons. All 
data are means ± SE.  
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Table 4.8 Summary of two-way ANOVA results comparing growth characteristics (rhizome 
extension rate, leaf production rate, initiated apices, branching frequency and apical productivity) 
of H. ovalis to simulated grazing and ungrazed plots during summer and winter. 
Variable Source Sum of 
squares 
Df Mean 
Square 
F P 
Rhizome extension  Season 2.19 1 2.19 19.66 <0.01 
 Grazing type 0.03 1 0.03 0.23 0.65 
 S*G 0.02 1 0.02 0.21 0.65 
 Residual  2.23 20 0.11   
 Total  4.45 23    
Leaf production rate Season 0.51 1 0.51 13.86 <0.01 
 Grazing type 0.01 1 0.01 0.21 0.65 
 S*G 0.03 1 0.03 0.91 0.35 
 Residual  0.73 20 0.04   
 Total  1.28 23    
Initiated apices Season 147.36 1 147.36 0.79 0.39 
 Grazing type 8.73 1 8.73 0.05 0.83 
 S*G 57.83 1 57.83 0.31 0.58 
 Residual  3737.32 20 186.86   
 Total  3951.25 23    
Branching frequency Season 1627.90 1 1627.90 13.28 <0.01 
 Grazing type 110.81 1 110.81 0.90 0.35 
 S*G 2522.61 1 2522.61 20.58 <0.01 
 Residual  2451.21 20 122.46   
 Total  6712.52 23    
Productivity  Season 3.28 1 3.28 17.28 <0.01 
 Grazing type 0.01 1 0.01 0.07 0.79 
 S*G 0.24 1 0.24 1.27 0.27 
 Residual  3.79 20 0.18   
 Total  7.32 23    
 
4.3.4 Variation in sexual reproduction across a natural grazing gradient  
 
There were significant linear relationships between the density of grazing swans 
and some reproductive characteristics of H. ovalis (Table 4.9, Figure 4.6). 
Flowering intensity, sex ratio and seed production were higher at sites with greater 
densities of grazing swans (more flowers per node, more males and more seeds 
per fruit (and per m2) were observed where there were more grazing swans) 
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(Table 4.10). However, although statistically significant, sex ratio and seed 
production were weak relationships (8 & 6%) and flowering intensity was a 
moderate relationship (19%). Therefore there are likely to be other factors 
affecting flowering intensity, sex ratio and seed production, not just grazing. 
There was no significant relationship with fruiting intensity.  
Figure 4.6 Simple linear regressions comparing swan abundance (km2) with four reproductive 
characteristics: (a) fruiting intensity, (b) sex ratio, (c) fruiting intensity and (d) seed production of 
H. ovalis on the Lower Swan River estuary.  
 
Table 4.9 Simple linear regression comparing swan abundance and four different reproductive 
characteristics (flowering intensity, sex ratio, fruiting intensity and seed production) of H. ovalis 
on the Lower Swan River estuary. *Note regression equations at bottom of table. 
Variable   Df B SE R2 P 
Flowering intensity  179 1.65 0.26 0.19 <0.01 
Sex ratio  88 22.37 7.82 0.08 0.01 
Fruiting intensity  179 0.22 0.41 0.00 0.59 
Seed production  66 1.08 0.56 0.06 0.05 
Regression equations  
Flowering intensity - Swan abundance predicted = 1.43 + 1.65 (fruiting intensity). 
Sex ratio - Swan abundance predicted = 0.25 + 22.37 (sex ratio). 
Fruiting intensity - Swan abundance predicted = 2.22 + 0.001 (fruiting intensity). 
Seed production - Swan abundance predicted = 0.98 + 1.06 (seed production). 
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Table 4.10 Summary of reproductive characteristic variables for H.ovalis on the Lower Swan 
River estuary at nine sites. 
Site  Variable  Averages ± SE 
Bishop Road Male flowers (m2) 393 ± 68 
 Female flowers (m2) 63 ± 23 
 Nodes (January) (m2) 10033 ± 635 
 Fruits (m2) 355 ± 70 
 Seeds (m2) 3822 ± 834  
 Nodes (March) (m2) 11322 ± 820 
Majestic A Male flowers (m2) 31 ± 18  
 Female flowers (m2) 215 ± 42   
 Nodes (January) (m2) 5867 ± 500  
 Fruits (m2) 285 ± 76  
 Seeds (m2) 1530 ± 674   
 Nodes (March) (m2) 9055 ± 629 
Matilda Bay B Male flowers (m2) 203 ± 61  
 Female flowers (m2) 165 ± 67  
 Nodes (January) (m2) 8978 ± 608   
 Fruits (m2) 101 ± 30  
 Seeds (m2) 1276 ±  409 
 Nodes (March) (m2) 8801 ± 755 
Claremont Jetty  Male flowers (m2) 247 ± 86 
 Female flowers (m2) 584 ± 143  
 Nodes (January) (m2) 15335 ± 1112  
 Fruits (m2) 114 ± 49  
 Seeds (m2) 1009 ± 491  
 Nodes (March) (m2) 9258 ± 770 
Point Walter Café  Male flowers (m2) 165 ± 44   
 Female flowers (m2) 304 ± 57  
 Nodes (January) (m2) 7537 ± 441   
 Fruits (m2) 165 ± 93  
 Seeds (m2) 2343 ±  1324 
 Nodes (March) (m2) 9734 ± 726 
Como Mid B Male flowers (m2) 234 ± 80  
 Female flowers (m2) 222 ± 70  
 Nodes (January) (m2) 10274 ± 1184  
 Fruits (m2) 146 ± 58  
 Seeds (m2) 2057 ± 800 
 Nodes (March) (m2) 8528 ± 657  
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Table 4.10 (con’t). 
Site  Variable  Averages ± SE   
Freshwater Bay A Male flowers (m2) 50 ± 20 
 Female flowers (m2) 660 ± 65  
 Nodes (January) (m2) 10725 ± 903  
 Fruits (m2) 361 ± 127  
 Seeds (m2) 4908 ± 1688  
 Nodes (March) (m2) 9194 ± 660 
Burke Drive East B  Male flowers (m2) 158 ± 43 
 Female flowers (m2) 412 ± 65  
 Nodes (January) (m2) 7023 ± 767   
 Fruits (m2) 222 ± 73   
 Seeds (m2) 2616 ± 850  
 Nodes (March) (m2) 7842 ± 570 
Point Walter South  Male flowers (m2) 1060 ± 151  
 Female flowers (m2) 120 ± 81  
 Nodes (January) (m2) 10864 ±  742 
 Fruits (m2) 260 ± 98   
 Seeds (m2) 3435 ± 1329    
 Nodes (March) (m2) 10325 ±  957 
 
4.3.5 Response of sexual reproduction to simulated grazing  
 
H. ovalis flowering intensity was greater in grazed treatments than control plots 
(25 ± 2 % vs. 12 ± 2 %) (Table 4.11, p<0.05, Figure 4.7). There was no significant 
difference in the other reproductive characteristics, sex ratio (0.38 ± 0.19 vs. 0.19 
± 0.14), fruiting intensity (7 ± 2.7 vs. 4 ± 1.4) and seed production (16 ± 0.6 vs. 14 
± 0.9) (Table 4.12, p>0.05, Figure 4.7), despite a trend of increasing mean values 
in the grazed treatments (Table 4.11 & 4.12).  
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Figure 4.7  Four reproductive characteristics: (a) fruiting intensity, (b) sex ratio, (c) fruiting 
intensity and (d) seed production of H. ovalis with and without exposure to simulated grazing. 
Letters above columns indicate which treatments are different based on post-hoc comparisons. 
*Note flowering intensity and sex ratio samples collected in January 2010 and fruiting intensity 
and seed production samples collected in March 2010. All data are means ± SE.     
 
Table 4.11 Summary of independent samples T-tests comparing rhizome grazing treatment and 
control treatment for four reproductive characteristics (fruiting intensity, sex ratio, fruiting 
intensity and seed production) of H.ovalis. 
Variable Df T P 
Flowering intensity -4.81 10 0.01 
Sex ratio -0.90 10 0.39 
Fruiting Intensity  0.71 10 0.49 
Seed production -2.27 10 0.06 
Seeds (m2) -1.98 10 0.08 
Fruits (m2) 0.28 10 0.79 
Nodes (January) (m2) -0.09 10 0.93 
Nodes (March) (m2) 1.18 10 0.26 
Fruits (m2) 0.28 10 0.79 
Male flowers (m2) -0.92 10 0.38 
Female flowers (m2) -0.12 10 0.90 
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Table 4.12 Summary of reproductive characteristic variables on the Lower Swan River estuary.  
Variable  Control Rhizome Grazing 
Male flowers (m2) 325 ± 249 1250 ± 682 
Female flowers (m2) 1216 ± 242 2087 ± 748 
Nodes (January) (m2) 13391 ± 1300 13279 ± 684 
Fruits (m2) 616 ± 206 758 ± 315 
Seeds (m2) 6656 ± 819 15162 ± 4279 
Nodes (March) (m2) 13608 ± 1663 11370 ± 726 
 
4.4  Discussion  
 
4.4.1 Temporal variation in grazing pressure 
 
The black swan was a significant seagrass consumer on the Lower Swan River 
estuary. Maximum consumption occurred during summer and autumn, periods of 
maximum swan abundance (Chapter 3). Despite the seasonal variation in the mass 
of seagrass consumed, there was no seasonal difference in the total proportion of 
seagrass production consumed, 5-25%, approximately 6% of the standing crop.  
This was similar to that observed by Eklof et al. (2009). The lack of variation in 
total production removed over the year is due to the concurrent change in seagrass 
production, which was observed in this study and by Hillman et al. (1995), to be 
greatest in summer and autumn. Generally, the amount of net seagrass primary 
production removed by grazers is 2-40% (Valentine & Duffy 2006), indicating 
despite the low numbers of black swans on the Lower Swan River estuary they are 
significant grazers in this temperate system. 
 
4.4.2 Vegetative and reproductive responses to grazing 
 
In this study H. ovalis was observed to show traits of a tolerance strategy by its 
growth and sexual reproductive responses to grazing. Many seagrass species are 
tolerant of grazing, through increasing growth and production after grazing 
(Nakaoka & Aioi 1999, Kuiper-Linley et al. 2007, Eklof et al. 2009). They do this 
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by regrowing plant tissue removed by grazing, through the activation of dormant 
meristems and the utilisation of stored reserves, two key traits of the tolerance 
strategy (Nakaoka & Aioi 1999, Kuiper-Linley et al. 2007, Eklof et al. 2009). 
However, in this study the variables that responded were not always consistent 
between the observational and manipulated studies, and varied with time of year. 
 
Based on a tolerance strategy, it is expected that plants would increase initiation 
of apices and branching following grazing, resulting in a similar or faster growth 
and productivity, compared to ungrazed plants (Nakaoka & Aioi 1999, Kuiper-
Linley et al. 2007, Eklof et al. 2009). In addition, if conditions are limiting for 
growth (i.e. low light, temperature, nutrients or carbohydrate reserves) at different 
times of year, this could limit the ability of the plant to respond using a tolerance 
strategy and may reduce initiation of apices, branching and productivity following 
grazing. For example, when plants were shaded and carbohydrate reserves 
reduced prior to grazing, initiation of apices was negatively affected (Eklof et al. 
2009). Increased seagrass productivity after grazing during summer and reduced 
productivity during winter has been observed in other studies (Macia 2000, 
Valentine et al. 2000).  
 
In this study, there was no effect of grazing on the branching frequency across a 
natural swan grazing gradient, but a negative and weak relationship with initiation 
of apices in spring only. This does not support the tolerance strategy. However, 
the manipulated experiment showed that branching frequency was higher 
following grazing in summer; supporting the tolerance strategy. However, during 
winter branching frequency was reduced in grazed areas. This indicates that other 
environmental factors (temperature, light or nutrients) or conditions of the plant 
(carbohydrate supplies) affect how the plant responds to grazing. Growth 
(productivity) was positively affected by grazing across the swan grazing gradient 
in summer, although this was a very weak relationship. This indicates that with 
increased grazing H. ovalis plants can maintain their growth. However, in winter 
there was a negative and moderate effect of grazing on productivity.  
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This pattern was not supported by the manipulated experiment, although there was 
a trend of decreased branching in winter. The experiment shows that H. ovalis 
plants can cope with grazing by maintaining a similar productivity to ungrazed 
plants.  
 
The trends revealed in the observational study reflect a population adapted to 
grazing over a long period of time (decades, centuries or possibly millennia). The 
observational study was carried out in an area that has repeated swan grazing of 
different densities, and although conditions were kept as similar as possible, 
except for the density of grazing swans, many other site specific differences may 
be affecting the growth response of the seagrass. The manipulated experiment 
clearly shows that H. ovalis seagrasses rarely grazed by swans have the potential 
to cope with grazing using the initiation of meristems and branching. This 
supports other studies that suggest H. ovalis can cope with grazing as it is a fast 
growing and highly resilient species (Nakaoka & Aioi 1999, Kuiper-Linley et al. 
2007, Eklof et al. 2009). However, their ability to respond is reduced in winter, 
potentially due to other limiting factors. Despite this reduced ability to respond, 
there were no negative effects on the growth of H. ovalis in the manipulated 
experiment, but there was across the grazing gradient. This may be due to the fact 
that in the natural setting plants are repeatedly grazed which may result in declines 
in productivity over time. 
 
This study has shown changes in sexual reproduction of H. ovalis after grazing. 
This allows the plants to maintain a similar or slightly higher fitness to ungrazed 
plants. In some terrestrial plants, grazing has been observed to increase sexual 
reproduction (Whitman et al. 1991, Lazo et al. 1994, Quiroga et al. 2010), by 
increasing flowering intensity and fruit production (Whitman et al. 1991, Forbs et 
al. 1997). This has also been observed in seagrasses but this is the first study to 
experimentally demonstrate it (Conacher et al. 1994, Peterken & Conacher 1997). 
Physical disturbance, somewhat similar to grazing has also caused increased 
flowering in seagrasses (Phillips et al. 1983, Alexandre et al. 2005, Hammerstrom 
et al. 2006).  
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The responses of some of the sexual reproductive characteristics were consistent 
between the observational and manipulated studies, but others varied. Flowering 
intensity responded consistently, increasing following grazing in the manipulated 
experiment and increasing across a grazing pressure gradient. While not 
statistically significant, there was a trend of increased seed production in the 
manipulated experiment and a corresponding significant positive relationship of 
seed production across a grazing pressure gradient, although it was a weak 
relationship. These results suggest grazed plants maintain a similar or slightly 
higher fitness to ungrazed plants (e.g. 15000 seeds m2 in grazed plots vs 6600 
seeds m2 in ungrazed plots). The fitness of the plant from an evolutionary sense 
refers to an individual organism’s contribution of offspring to the next generation, 
in this case through the amount of seeds the plant can produce (Campbell & Reece 
2005). In some terrestrial studies populations of plants exposed to high levels of 
grazing had a higher fitness (measured as seed production) than populations with 
low levels of grazing (Boalt et al. 2010). 
 
A weak relationship was also observed between grazing pressure (abundance of 
grazing swans) and sex ratio (increase in the proportion of male flowers with 
grazing pressure). Again, this trend has previously been observed in some 
terrestrial plants (Quinn 1998). In some dioecious plant species there is no bias in 
grazing on males or females but the costs of sexual reproduction are more in 
females, than males because additional energy is required to produce seeds (Delph 
2011). Thus, the proportion of males will increase as plants lose biomass and 
energy when grazed, since males are suggested to recover more quickly 
(Pickering & Hill 2002, Delph 2011, Viejo et al. 2011).  
 
These changes in sex ratio, together with flowering intensity in response to 
grazing may together be an advantage allowing the plant to cope with grazing. An 
evolutionary explanation is that some individuals may suffer pollen limitation and 
lower reproductive success, through a reduced quality and amount of pollen 
available to fertilise female flowers (Aschero & Zquez 2009). Following the 
removal of plants by grazing an increase in males, as observed in the 
observational study, may be a mechanism to reduce pollen limitation as more 
male flowers could produce more pollen, resulting in more pollen reaching the 
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stigma of female flowers and therefore more ovules may be fertilised, producing 
more seeds (Zimmerman 1988, Stephenson et al. 1992, de Jong & Klinkhamer 
2002). 
 
Interestingly, the manipulated experiment did not show the same response as the 
observational study, although there was a trend of increasing males. This may be 
due to the time scale of the study. The plants measured in the observational study 
have been repeatedly grazed over time and are likely to have adapted to grazing, 
resulting in a shift in the sex ratio. However, the plants in the manipulated study 
are from an area rarely grazed, and were exposed to grazing for four months. 
Perhaps with repeated grazing for a longer period of time, the trend in increased 
males may become significant. 
 
4.4.3 Management implications 
 
From a local perspective, if swan abundance was to increase on the Lower Swan 
River estuary it could result in greater pressure being exerted on H. ovalis 
meadows.  An increase in swan abundance is a strong possibility if wetlands on 
the SCP continue to dry and stay dry all year with the changing climate. 
Hydrological changes on the SCP is one of the main causes of wetland 
degradation and is driven by a number of processes including climate variability, 
land-use change and patterns of groundwater extraction (Horwitz et al. 2009). If 
these changes continue to occur, this study has shown H .ovalis can cope with 
increases in grazing during summer through an increase of growth, production and 
sexual reproduction.  However, during winter the seagrass may not be as resilient 
to grazing and the limited carbohydrate reserves could reduce its capacity to 
respond to repeated grazing. Swan grazing should not be considered in isolation of 
other stresses.  Other stresses on the seagrass, such as light limitation from algal 
mats, human disturbances and other potential grazers, may compound any effect 
of swan grazing on the potential for the seagrass to persist.  
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5. Conclusions and management implications  
 
5.1  Temporal variation in waterbird abundance  
 
In Australia, waterbird distributions are mostly influenced by episodic events, 
where movements are the result of rainfall and river flooding patterns creating a 
new habitat for waterbirds to use when ephemeral lakes and wetlands fill 
(Chambers & Loyn 2006, Dingle 2008, Roshier et al. 2009). In this study, black 
swan abundance tripled on the Lower Swan River estuary during autumn, 
compared to spring and doubled in summer and winter compared to spring. 
Winter and spring are periods when ephemeral lakes and wetlands on the 
surrounding SCP begin to fill and also coincides with the breeding cycle of the 
black swan. These changes in habitat availability and breeding behaviour may 
cause movements of waterbirds away from the Lower Swan River estuary, to 
ephemeral lakes and wetlands (Chambers & Loyn 2006, Lane et al. 2007, 
Kingsford et al. 2010). Waterbirds have been shown to make small scale 
movements, moving between wetlands, estuaries and lakes in the same region 
seeking water bodies to provide them with a suitable habitat for feeding and 
breeding (Bancroft et al. 2002, Bolduc & Afton 2008). 
 
Permanent water bodies act as an important refuge for black swans while 
surrounding ephemeral water bodies are dry (Chambers & Loyn 2006, Lane et al. 
2007, Kingsford et al. 2010). Although the Lower Swan River estuary showed 
increases in swan abundance during times that ephemeral water bodies were dry, 
swan linkages and connections between water bodies appear to be complex. It is 
estimated at times 4804.1 ha of seasonal wetlands are lost for swan habitat. 
Therefore, they are likely to seek permanent water bodies for refuge. Therefore, 
they are likely to seek permanent water bodies for refuge. For example, permanent 
wetlands on the SCP, such as Lake McLarty and Lake Pollard were also important 
for black swan habitat during these times, supporting even higher numbers than 
the Lower Swan River estuary (3112 ± 1064 & 1039 ± 386 vs 11 ± 1) (Table 5.1). 
Furthermore, some wetlands on the Birds Australia database showed seasonal 
variation, with increases in swan abundance during winter and spring on 
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ephemeral wetlands and increase on permanent water bodies during summer and 
autumn, however, these patterns were not consistent across wetland types.  
 
Table 5.1 Seasonal comparison of swan abundance (km-2) at seven different wetlands and the 
Lower Swan River estuary 
Site  Season  Swan abundance (km-2) 
Swan River  Spring  6 ± 0  
 Summer  11 ± 1 
 Autumn  20 ± 2 
 Winter 9 ± 1 
Lake Kogolup Spring  16 ± 0   
 Summer  9 ± 3 
 Autumn  3 ± 0 
 Winter 14 ± 4 
Lake Pollard Spring  36 ± 27 
 Summer  1039 ± 386 
 Autumn  7 ± 5 
 Winter 0 ± 0 
Lake Preston Spring  1 ± 0 
 Summer  0 ± 0 
 Autumn  0 ± 0 
 Winter 1 ± 0 
Thomsons Lake Spring  99 ± 10 
 Summer  36 ± 2 
 Autumn  6 ± 0 
 Winter 46 ± 20 
Lake Gwelup Spring  5 ± 1 
 Summer  11 ± 3 
 Autumn  6 ± 0 
 Winter 14 ± 6 
Forestdale Lake Spring  76 ± 10 
 Summer  15 ± 5 
 Autumn  0 ± 0 
 Winter 14 ± 7 
Lake McLarty Spring  2118 ± 626 
 Summer  3112 ± 1064 
 Autumn  794 ± 610 
 Winter 398 ± 114 
 
This complexity may indicate that these patterns are due to multiple factors (e.g. 
water height, food availability and breeding). These changes may be the result of 
increasing water levels in ephemeral habitats, where the swans move to smaller 
wetlands once they fill, then move to larger permanent water bodies, such as the 
Lower Swan River estuary, once the smaller wetlands dry. The black swan may 
also move to smaller wetlands for breeding as increasing water levels coincides 
with the breeding period of the black swan. However, only 3% of the data on the 
Birds Australia database contained counts of swans across different seasons. 
Therefore, conclusions about seasonal variation in this study were limited and 
cannot be considered representative of the entire area.  
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5.2  Temporal variation in swan grazing pressure  
 
This study has shown that H. ovalis is an important food source for the black swan 
on the Lower Swan River estuary over the entire year. This extends the work of 
Eklof et al. (2009), who found seagrass was an important food source in autumn. 
In this study the majority of seagrass biomass removed across a year occurred 
during summer and autumn (Chapter 4). This corresponded with an increase in 
swan abundance on the river during summer and autumn (Chapter 3). At these 
times, swans move to the estuary as it provides a permanent habitat when 
ephemeral wetlands dry out (Chapter 2). This caused the number of feeding swans 
to increase on the river (Chapter 3). However, during this time seagrass 
production was at its peak (Chapter 4). So, although swan numbers changed with 
season, there was no significant difference in the amount of seagrass consumed, 
between 5-25% of total seagrass production all year round (Chapter 4, Figure 5.1). 
The production removed by grazing  falls between the known percentages of net 
seagrass primary production consumed by marine grazers (2-40%), indicating the 
black swan is a significant seagrass consumer on this temperate estuary (Valentine 
& Duffy 2006). 
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Figure 5.1 Summary of results from observational studies of swan abundance and the grazing 
pressure experiment on the Lower Swan River estuary.  
 
Little is known on the variation in waterfowl grazing over a year in the southern 
hemisphere.  However, from northern hemisphere studies we know a lack of 
variation in grazing pressure across a year is unusual: more grazing occurs during 
autumn and winter, due to an increase in bird abundance, coinciding with annual 
migrations (Jacobs et al. 1981, Nienhuis & Groenendijk 1986, Baldwin & 
Lovvorn 1994). However, in the southern hemisphere bird migration patterns 
appear to be more strongly influenced by aridity and rainfall frequency, with a 
milder and drier climate (Kingsford & Norman 2002). Therefore, birds move to 
larger permanent water bodies when smaller ephemeral wetlands dry out. This 
suggests that grazing in these permanent water bodies should be greater in 
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summer and autumn. However, summer and autumn are also times of peak 
production in aquatic plants, like seagrass (Hillman et al. 1995, Kirkman & 
Kirkman 2000) so a shift in waterfowl abundance is unlikely to have an effect on 
macrophyte productivity removed by grazing, as this study demonstrated.  
 
If there were to be a shift in the number of grazing waterbirds to permanent 
wetlands such as the Lower Swan River estuary during winter and spring, plants 
will be more susceptible to grazing because other environmental conditions limit 
there growth. Therefore any changes to the production removed by grazing can 
have implications for the plant’s response, leading to a decline in total seagrass 
biomass. This has been observed in other wetlands in New Zealand and North 
America (Baldwin & Lovvorn 1994, Mitchell & Wass 1996) under high numbers 
of waterfowl grazers. However, swan grazing should not be considered in 
isolation of other stresses. Light limitation from algal mats, human disturbances 
and other potential grazers may compound any effect of swan grazing on the 
potential for the seagrass to persist. 
 
5.3  Evidence for traits of a tolerance strategy and increased fitness  
 
In this study H. ovalis was identified as a fast growing species with the ability to 
tolerate sustained levels of grazing. This was observed through the strategy of 
tolerance to grazing; the ability to survive regrow and reproduce after damage is 
sustained (Agrawal 2000). In this study H. ovalis expressed a number of traits of 
this strategy, including the activation of dormant meristems. Although it was not 
measured, it is also likely that stored reserves were utilised to support the 
activation of dormant meristems, as demonstrated by Eklof et al. (2009); both 
traits promote regrowth after damage is sustained. H. ovalis also showed changes 
in sexual reproduction, altering its flowering intensity and seed production 
following grazing. Other studies on seagrasses have observed these traits 
(Conacher et al. 1994, Peterken & Conacher 1997, Nakaoka & Aioi 1999, Kuiper-
Linley et al. 2007, Eklof et al. 2009), however, past studies have only focused on 
the response at one time of year and few have looked at changes to sexual 
reproduction. This study showed the seagrass response to grazing varied at 
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different times of the year, though the results were not consistent across the 
observational studies and experimental manipulations: 
 
• Productivity was similar or slightly higher in the grazed areas during 
summer compared to winter in the observational study, but no difference 
was observed in the manipulative experiment; 
• Branching frequency was higher in the experimental manipulation 
experiment in summer compared to winter, but no difference was observed 
in the observational study; 
• Flowering intensity was higher in the experimental manipulation 
experiment and was slightly higher in grazed areas in the observational 
study; and 
• Seed production was similar or slightly higher in grazed areas in the 
observational study, but no difference was observed in the manipulative 
experiment (Figure 5.2).  
 
The different results between the observational studies and experimental 
manipulations may be due to the times scales of response. The trends revealed in 
the observational study reflect a population adapted to grazing over a long period 
of time (decades, centuries or possibly millennia), with the study observing the 
end result instead of the expression of the traits. On the other hand, the short-term 
experiments may not present a sufficient period of exposure to grazing to result in 
detectable effects. Therefore, the length of the experiment may only show a 
change in one particular trait and not a change in the longer term response of the 
plant. These traits may include changes in stored reserves, the number of activated 
meristems or changes to the plants sexual reproduction.  
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Figure 5.2 Conceptual model of results from observational and manipulative experiments. Y & N 
indicate whether a difference was detected in the observational and manipulative experiments.  
 
This study has shown H. ovalis can cope with grazing through traits of a tolerance 
strategy. Halophila is one of the smaller seagrass species and is the preferred food 
source for many seagrass herbivores (green turtles, dugongs, manatees and fishes) 
(Valentine & Duffy 2006), so it is expected that Halophila would have evolved 
mechanisms to cope with grazing. Other larger species of seagrass are also able to 
 104
cope with grazing, such as Posidonia oceanica (Verges et al. 2008) or Thalassia 
testudinum (Moran & Bjorndal 2005), but may be less resilient to grazing 
(Fourqurean et al. 2010, Olsen & Valiela 2010), particularly under high grazing 
pressures or when whole plants are removed. Despite these differences, across the 
range of seagrass species, from small to large, similar resource allocation and 
growth responses allow the plants to cope with grazing. 
 
Due to the limited number of studies and contrasting results, there are no clear 
patterns at this stage as to how different species of seagrass vary in their response 
to grazing at different times of year. All studies carried out on Thalassia 
testudinum showed increased growth and productivity in summer following 
grazing. However, contrasting patterns occurred in winter and spring, either 
increasing or decreasing growth (Valentine et al. 1997, Macia 2000, Valentine et 
al. 2000, Moran & Bjorndal 2005, Fourqurean et al. 2010, Olsen & Valiela 2010). 
There are indications from my research on Halophila and those cited above that 
during winter seagrasses may be less resilient to grazing, possibly due to limited 
carbohydrate reserves, reducing their capacity to respond to repeated grazing. 
More work is needed to improve our understanding of the effect of time of year on 
plant response to grazing. 
 
Sexual reproductive responses to grazing have rarely been studied. Of those 
species that have been studied, the smaller, faster growing ones such as Halophila 
(this research) and Zostera (Conacher et al. 1994) have been associated with 
increased flowering following grazing, whereas in larger species flowering is 
reduced (Lal et al. 2010). Potentially, the smaller faster growing seagrasses such 
as Halophila, which are more R-selected, will increase investment in sexual 
reproduction to cope with grazing, whereas the larger, slower growing, k-selected 
species will invest less under a grazing regime as they allocate resources to 
growth and prolonging life (Gadgil & Solbrig 1972). More work is needed to test 
this hypothesis. 
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5.4 Management of water birds and water bird habitat   
 
Sustaining healthy populations of waterbirds on water bodies is a challenge for  
resource managers worldwide (Zhijun et al. 2010). Usually, there are a suite of 
characteristics that influence water birds including water depth, water level 
fluctuation, vegetation, salinity, topography, food type, food accessibility, wetland 
size, and wetland connectivity (Zhijun et al. 2010). In order to manage waterbirds 
there are two key questions managers have to ask;  
 
1. How important is a site for waterbird use?  
2. How do you co-ordinate actions across the landscape so waterbirds have 
the right amount of quality habitat available, at the right time in the right 
places?  
 
In this study, temporal variation in swan abundance was observed on the Lower 
Swan River estuary and it is proposed that this reflects a movement of swans to 
ephemeral wetlands. This builds on our understanding of swan linkages and 
suggests ephemeral wetlands are important water bodies during winter and spring 
providing habitat for feeding and breeding. However, once these areas dry 
waterbirds move to larger permanent water bodies during summer and autumn. In 
terms of management, if swans are more common in certain areas at different 
times of year on larger water bodies, such as the Lower Swan River estuary, to 
maximise the abundance and survival of swans, management actions could be 
applied in different locations restricting activities that negatively impact on swans 
(e.g. number of dogs, number of jet skis & number of boats). 
 
In this study three swan hotspots were identified on the Lower Swan River estuary 
and there were particular characteristics of these sites that were associated with 
swan abundance (Figure 5.3). These hotspots included Point Walter (spring, 
summer and autumn), Alfred Cove (spring, summer, autumn and winter) and 
Como Foreshore (autumn and winter). Previous studies have also shown these 
were key swan hotspots during summer (Eklof et al. 2009).  
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Figure 5.3 Swan hot-spots on the Lower Swan River estuary during spring and summer (orange), 
autumn (blue) and winter (green).  
 
Based on the findings of this study, the key site and habitat characteristics that 
predict swan abundance include human disturbances (jetties and dogs), shoreline 
and submerged vegetation cover and condition, and the slope of the area available 
for foraging (Figure 5.4). Good vegetation condition and larger areas of natural 
vegetation along the shoreline protects swans from predators and other human 
disturbances when feeding and also breeding (Paracuellos & Telleria 2004, 
McKinney et al. 2006). Previous studies have shown that black swan abundance is 
affected by the amount and type of food present (Williams 1979, Congdon & 
McComb 1981, Mitchell & Wass 1996) and this study has shown swan abundance 
is most likely related to the swans’ forage, in the amount, type and its distribution 
along a depth gradient is also important.  
 
Other human disturbances such as the presence of jetties and dogs negatively 
affected black swan abundance. These factors reduce the local habitat quality for 
water birds and the carrying capacity of estuaries (Van den Bergh et al. 2005), by 
reducing the area available for feeding and breeding (Burton et al. 2002). Previous 
studies have also found increases in human disturbances such as ferries, boats, the 
presences of kite and wind surfers and increases in the number of walkers with 
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dogs were significant factors reducing waterfowl abundance on the estuary (Creed 
& Bailey 2009).  
  
Two swan hotspots, Alfred Cove and Como Foreshore are within Marine Parks 
(Alfred Cove Marine Park & Milyu Marine Park) and are protected from many of 
the characteristics that could negatively influence swan abundance. In these areas 
management appears to be appropriate for waterbird management. Based on these 
findings, protection should also be considered in the third hotspot (Point Walter) 
for conservation of the black swan and other water birds. Although not a marine 
park, Point Walter has important habitat characteristics for the black swan and 
other water birds and therefore warrants appropriate protection and management 
in conjunction with other management objectives.   
 
The results of this study suggest water bird distributions are affected by a suite of 
habitat characteristics not just one in particular. This supports recent studies 
(Zhijun et al. 2010) and suggests water bird management requires integrated 
knowledge on the entire wetland ecosystem, particularly on factors that could 
potentially influence water bird distributions and temporal variability in water bird 
abundances. These factors should also be considered on multiple spatial scales as 
water birds move between habitats based on their breeding needs and forage 
availability. 
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Figure 5.4 Factors potentially influencing black swan abundance on the Lower Swan River 
estuary (positive on the left, and negative on the right).  
 
5.5 Significance of research  
 
5.5.1 Ecological processes  
 
Plant-grazer interactions are dynamic and complex. This study has revealed 
significant new findings about the seasonal nature of this relationship. Swan 
abundance on permanent and ephemeral water bodies appears to be influenced by 
a number of factors identified in Chapters 2 and 3. These factors include human 
disturbances and the presence and type of submerged and emergent vegetation 
(Chapter 3). Swan movement between ephemeral and permanent water bodies 
identified in Chapter 2 appears to change on a seasonal basis. This is likely to be 
due to the filling of ephemeral water bodies during winter, influencing 
characteristics including; water height, hydroperiod, food availability and the 
breeding needs of the black swan (Chapter 2). Drying of ephemeral habitats is 
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estimated to result in the loss of 4804.1 ha of wetland area during summer and 
autumn, making permanent water bodies such as the Lower Swan River estuary an 
ideal habitat for swans to forage, (Chapter 3) with an expected increase in swan 
grazing pressure in these locations (Chapter 4). However, no change was seen in 
this study (Chapter 4). During summer and autumn when swan abundance is at its 
peak (Chapter 3), seagrass production is also at its peak (Chapter 4), so the 
seagrass is able to sustain under current levels of grazing, through changes in the 
expression of both growth and reproductive traits (Chapter 4) (Figure 5.5). The 
expression of traits associated with a tolerance strategy are dependent on the time 
of year grazing occurs. In this study H. ovalis showed traits of a tolerance strategy 
during summer but not in winter, when other factors could mediate the expression 
of these traits (temperature, light levels and nutrient inputs). In winter, lower light 
levels and water temperatures may result in less resources available for growth, so 
the energy fixed by seagrasses is used to maintain growth and less carbohydrates 
are stored, compared to summer (Moncreiff et al. 1992, Perez & Romero 1992). 
For this reason this study and recent studies emerging from terrestrial literature 
(Boalt et al. 2010, Bagchi & Ritchie 2011) highlights the importance of examining 
tolerance strategies at multiple times of year, particularly at those times with 
contrasting environmental conditions. 
 
This study also identified an increase in sexual reproduction in H. ovalis after 
grazing, as a strategy that plants may use to cope with grazing. In this study, an 
increase in flowering intensity of H. ovalis was observed and a trend of increased 
seed production, corresponding with a significant positive relationship between 
flowering intensity and seed production with swan abundance. In seagrasses, little 
work has been done on changes in sexual reproduction after grazing, although 
some observational studies have suggested a positive relationship (Conacher et al. 
1994, Peterken & Conacher 1997). Yet studies of other seagrass species have 
documented a negative response to grazing, a decrease in sexual reproduction (Lal 
et al. 2010). These contrasting results may be due to the different growth forms 
and life-history strategies of the plant. This study showed that H. ovalis was able 
to increase in sexual reproduction after grazing, suggesting that further research 
on this strategy should be considered.  
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Figure 5.5 Conceptual model of how studies in this project inter-relate. A number of factors affect 
swan abundance on the estuary, which directly influence swan grazing pressure, and the time of 
year also influences plant responses to grazing. N/A = no data collected as flowering does not 
occur at this time. 
 
5.5.2 Management  
 
This study has also built on our understanding of swan linkages and connections 
between water bodies, suggesting permanent water bodies, such as the Lower 
Swan River estuary, could be important refuges for swans while smaller 
ephemeral wetlands are dry. The movement of swans is likely due to a variety of 
factors including water height in ephemeral wetlands, food availability and the 
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breeding need of the black swan, although more research is required to understand 
this better (See below). 
 
5.6  Future research directions  
 
5.6.1 Black swans  
 
This study has identified the need for more comprehensive studies of connectivity 
among permanent and ephemeral water bodies by waterbirds. The connectivity 
between water bodies appears to be influenced by river flooding patterns and the 
filling of wetlands by groundwater, which is highly variable in arid countries like 
Australia. The understanding of these connections is important for conservation of 
waterbirds world-wide. If we can gain a better understanding of water bird 
movements, management can be directed into areas with high water bird 
abundances or particular important species of waterbird. 
 
This study has also identified the need for further research into temporal and 
spatial patterns in swan abundance on lakes, wetlands and estuaries on the SCP. 
Out of the 210 sites on the SCP in the Birds Australia database, only a small 
subset (6) contained counts of swans with seasonal replication. The limited data 
highlights the need for more concerted data collection to be able to document 
temporal and spatial patterns in swan habitat use on the SCP. A particular focus 
should be the role of larger permanent water bodies, as these could provide a 
refuge for swans during summer and autumn when surrounding wetlands dry.  
 
This study has identified hotspots on the Lower Swan River estuary where swans 
are found. Long term monitoring should be considered in these hotspots to 
determine whether seasonal patterns are consistent across years and whether 
increases in swans are observed on the estuary. If there is an increase in swan 
abundance across years, further studies may be considered to determine what 
impact this has on the seagrass. Identical surveys should be conducted on other 
permanent estuaries and water bodies such as the Peel Harvey estuary and 
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Leschenault Inlet to determine whether temporal patterns in swan abundance are 
similar to those observed on the Lower Swan River estuary, providing important 
information on whether these water bodies are important refuges for swans when 
surrounding wetlands dry out.  
 
The black swan has specific habitat requirements for breeding, which have the 
potential to influence breeding success and clutch size. These requirements are 
more suited to smaller wetlands rather than water bodies, such as estuaries. If 
current climate models hold true, these smaller wetlands could dry out forcing the 
swans to move to these larger water bodies, such as estuaries as permanent areas 
to feed. Therefore it is important to investigate whether these estuaries could 
support the breeding needs of black swans to ensure the local survival of the 
species.   
 
5.6.1 Seagrasses  
 
In this study, H. ovalis has shown traits of a tolerance strategy allowing them to 
cope with grazing, however, some traits such as vegetative growth (branching and 
productivity) were not consistent across a year. The expression of these traits may 
be mediated by external factors inducing environmental conditions, including 
other stressors, such as light limitation. For example, Eklof et al. (2009) found H. 
ovalis was not as resilient to grazing following stress and depletion in 
carbohydrate reserves from short-term light reduction. Yet, this occurred in 
autumn when there were optimum conditions for tolerating grazing. Future studies 
should be conducted to determine what impact grazing and other stresses have on 
the seagrass when it is at its most vulnerable. 
 
An important next step in the manipulative studies may be to increase the 
frequency of grazing. Recent studies have shown frequency can influence plant 
tolerance traits in contrasting ways (Mundim et al. 2011). Mundim et al. (2011) 
found that the reserves needed to flower were rapidly depleted by continuous 
grazing and dramatically reduced the plant fitness. It is clear from this study the 
frequency of damage can also exert a strong influence on plant response, therefore 
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future studies should be conducted to manipulate the frequency and duration of 
grazing. Grazing should be simulated for a full year, to determine the effect on 
plant sexual reproduction, fitness and the success of new recruits.  
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7. Appendixes 
 
7.1 Seasonal and spatial variation in the behaviour of swans  
 
There was significant spatial variation in the proportion of the 6 main behaviours 
exhibited by swans on the Lower Swan River estuary. However, changes were 
dependent on time of year and time of day (Table 7.1, Season x Time of day, Site 
Time of Day and Site x Season interaction: p<0.05, Figure 7.1). The black swan 
exhibited two main behaviours on the Lower Swan River estuary, grazing and 
loafing. During spring, summer and autumn a greater proportion of black swans 
were observed loafing during the morning (0.13 ± 0.02; 0.20 ± 0.03 & 0.21 ± 
0.03) compared to the afternoon (0.07 ± 0.01; 0.15 ± 0.02 & 0.09 ± 0.02). Fewer 
swans were observed grazing in the morning (0.08 ± 0.02; 0.11 ± 0.02 & 0.19 ± 
0.02) compared to the afternoon (0.14 ± 0.03; 0.18 ± 0.02 & 0.23 ± 0.03); 
however, during winter there was no significant difference in swan behaviour 
between morning and afternoon.  
   
Blackwell Reach North South, Burke Drive West B, Troy Park, Dee Road and 
Freshwater Bay B (sites 11, 17, 22, 25, 43) were the only sites to have variation in 
the behaviour of swans. More swans were observed grazing in the afternoon 
compared to the morning (0.2 ± 0.02 vs. 0.15 ± 0.02) and also more swans were 
observed loafing in the morning compared to the afternoon (0.19 ± 0.01 vs. 0.12 ± 
0.03).  
 
Fifteen sites had no swans present during the entire study period (sites 2, 3, 5, 6, 
10, 12, 26, 33, 34, 37, 38, 39, 40, 44, 45) and were not included in this analysis. 
Of the sites included in the analysis, 11 sites showed significant seasonal variation 
(sites 11, 13, 14, 15, 16, 19, 22, 23, 24, 25, 32). The nature of the variation varied 
with site. For example, at Blackwell Reach North South, Burke Drive Centre B, 
Troy Park Alfred Cove and Dee road a greater proportion of swans were observed 
grazing and loafing during summer (0.18 ± 0.02 & 0.21 ± 0.02) and autumn (0.25 
± 0.02 & 0.19 ± 0.02) compared to spring (0.14 ± 0.01 & 0.12 ± 0.01). During 
summer, Blackwell Reach North south had a greater proportion of swans observed 
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loafing than autumn (0.21 ± 0.02 & 0.19 ± 0.02), however, a greater proportion of 
swans were observed grazing at this site (0.25 ± 0.02 & 0.18 ± 0.02). Point Walter 
South, Point Walter North, Troy Park and Cunningham Street had a greater 
proportion of swans observed grazing and loafing during summer compared to 
winter (0.18 ± 0.02; 0.21 ± 0.02 & 0.15 ± 0.02; 0.12 ± 0.02). Finally, Blackwell 
Reach North South, Point Walter Café, Burke Drive Centre B and Troy Park (sites 
11, 15, 19, 22) had more swans observed grazing and loafing compared to winter 
(0.21 ± 0.02; 0.19 ± 0.02 & 0.15 ± 0.02; 0.12 ± 0.02).   
 
Finally, at significant swan use sites (Sites 13, 14, 15, 21, 22 & 23), there were 
significant variations in the proportion of the 6 main behaviours exhibited by 
swans, however, variations were dependent on the time of year. Sites 14, 15 & 22 
had a significantly greater proportion of swans observed grazing and loafing than 
site 13 (0.16 ± 0.05; 0.12 ± 0.05) during three of the four seasons. Site 14 had 
significantly more swans grazing and loafing during spring, summer and autumn 
(0.51 ± 0.06; 0.39 ± 0.05), site 15 had significantly more swans grazing and 
loafing in spring, autumn and winter (0.51 ± 0.06; 0.36 ± 0.05), site 22 had 
significantly more swans grazing and loafing in summer, autumn and winter (0.50 
± 0.06; 0.32 ± 0.05), while site 23 had significantly more swans grazing and 
loafing in all four seasons (0.55 ± 0.05; 0.51 ± 0.05). During spring, summer and 
autumn site 14 had a significantly higher proportion of swans observed grazing 
and loafing than site 24 (0.51 ± 0.06; 0.39 ± 0.05 vs 0.10 ± 0.03; 0.16 ± 0.04) and 
site 15 had significantly higher proportion of swans observed grazing and loafing 
than site 24 (0.51 ± 0.06; 0.36 ± 0.05 vs 0.10 ± 0.03; 0.16 ± 0.04). Site 21 had a 
significantly higher proportion of swans observed grazing and loafing than site 23 
(0.26 ± 0.06; 0.27 ± 0.06 vs 0.55 ± 0.05; 0.51 ± 0.05) during summer, autumn and 
winter.  
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Figure 7.1 MDS plot comparing different swan behaviours (grazing, loafing, transiting, across 
sites, sleeping, and other behaviours) between site (45 sites), season (spring, summer, autumn and 
winter) and time of day (morning and afternoon) on the Lower Swan River estuary.  
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Table 7.1 Summary of PERMANOVA testing for differences in spatial (45 sites), temporal 
variation (inter-annual) (spring, summer, autumn and winter) and daily (morning and afternoon) in 
six behaviours of swans (grazing, loafing, transiting, across sites, sleeping, and other behaviours). 
 Sum of 
squares  
Df Mean 
Square 
F P 
Site 1.12 29 3855.10 14.44 0.00 
Season 8515.5 3 2838.50 10.63 0.00 
Time of day 3071.2 1 3071.20 11.50 0.00 
Site X Season 47718 87 548.48 2.05 0.00 
Site X  Time of 
day 
10364 29 357.37 1.34 0.04 
Season X  Time 
of day 
1847.9 3 615.97 2.31 0.04 
Site X  Season X  
Time of day 
20294 87 233.27 0.87 0.90 
Residual 2.56 960 266.98   
Total 4.60 1199    
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7.2 Swan grazing pressure table 
 
Table 7.2 Summary of total H. ovalis seagrass production, swan grazing parameters (surface area 
grazed, biomass removed of H. ovalis removed, production removed) and biomass of H. ovalis 
meadow for all sites (three per season) and seasons (spring, summer, autumn and winter). 
Site/ Season  Surface area 
grazed (% 
day-1) 
Biomass 
removed H. 
ovalis (g DW 
m-2 day-1) 
Production 
removed (% 
of daily 
production) 
Total seagrass 
production (g 
DW m-2 day-1) 
Biomass of H. 
ovalis 
meadow (g 
DW m-2) 
Spring  0.28 ± 0.04 1.05 ± 0.20 10.1 ± 0.79 12.12 ± 1.37 280.93 ± 45.77 
Freshwater 
Bay A 
0.14 ± 0.02 0.66 ± 0.06 8.1 ± 1.28 8.62 ± 0.65 322.34 ± 
103.43 
Point Walter 
South 
0.44 ± 0.05 1.35 ± 0.15 18.06 ± 0.61 9.57 ± 1.84 330.99 ± 81.05 
Burke Drive 
East B 
0.26 ± 0.01 1.15 ± 0.01 10.22 ± 1.97 12.1 ± 1.05 189.47 ± 39.84 
Summer  0.64 ± 0.07 2.58 ± 0.84 15.01 ± 1.18 17.06 ± 2.31 561.08 ± 81.85 
Burke Drive 
East B 
0.55 ± 0.08 1.78 ± 0.34 13.06 ± 1.8 14.26 ± 2.64 107.63 ± 37.35 
Point Walter 
South 
0.87 ± 0.17 4.25 ± 0.40 27.71 ± 2.91 14.73 ± 1.61 513.72 ± 
106.86 
Freshwater 
Bay A 
0.5 ± 0.06 1.70 ± 0.30 10.41 ± 1.04 16.04 ± 2.15 1061.88 ± 
139.96 
Autumn  0.81 ± 0.08 3.02 ± 0.33 14.56 ± 1.88 19.48 ± 1.78 328.00 ± 63.62 
Burke Drive 
East B 
0.81 ± 0.14 3.63 ± 0.56  23.2 ± 1.5 15.68 ± 2.41 171.85 ± 53.81 
Point Walter 
South  
0.55 ± 0.13 2.95 ± 0.78 10.95 ± 1.21 17.09 ± 4.93 687.86 ± 
146.75 
Cunningham 
Street 
1.06 ± 0.05 2.48 ± 0.43 24.18 ± 1.46 10.92 ± 1.45 124.30 ± 24.29 
Winter  0.28 ± 0.03 0.44 ± 0.17 5.68 ± 0.55 13.64 ± 1.89 323.38 ± 46.68  
Burke Drive 
East B 
0.24 ± 0.04 0.64 ± 0.10 17.51 ± 2.95 5.43 ± 1.35 274.00 ± 66.72 
Troy Park  0.28 ± 0.07 0.10 ± 0.02  14.97 ± 2.95 5.04 ± 0.92 413.78 ± 65.16 
Como Mid B 0.34 ± 0.15 0.57 ± 0.21 8.43 ± 3.77 6.57 ± 2.94 323.39 ± 
105.41 
 
